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ABSTRACT 
 Vibrio vulnificus and Vibrio parahaemolyticus are gram-negative halophilic 
bacteria found in the natural aquatic environment. V. vulnifcus and V. parahaemolyticus 
have been implicated in foodborne illness and can cause gastroenteritis that has been 
associated with consumption of raw or undercooked seafood.  V. vulnificus can cause 
primary septicemia after its ingestion, and secondary septicemia through skin lesions in 
individuals with preexisting conditions such as elevated serum iron levels.  
Bacteriophages, viruses that invade and lyse bacteria, specific to V. vulnificus and V. 
parahaemolyticus are naturally found in seawater and oysters. 
 Every summer, the oyster industry is threatened by recall of oysters due to V. 
vulnificus and V. parahaemolyticus contamination.  Destroying these human pathogens in 
shell stock oysters will reduce the economic loss due to recalls and protect the oyster 
industry’s reputation, along with the health and welfare of the consumers.    
 The purpose of this study was to evaluate and use different antimicrobial 
treatments to control Vibrio spp. in raw oysters. The use of bacteriophages active against 
V. vulnificus and V. parahaemolyticus was investigated.   Bacteriophages against V. 
vulnificus, both opaque and translucent, and V. parahaemolyticus have seasonal 
distribution, occurring mainly in the summer months when both V. vulnificus and V. 
parahaemolyticus are at elevated number in oysters.  Transmission electron microscopy 
showed that the predominant morphology of bacteriophages against V. vulnificus (opaque 
and translucent) and V. parahaemolyticus were icosahedra with thin flexible tail.  
Bacteriophages against V. vulnificus and V. parahaemolyticus lost their activity at an 
acidic pH.  These bacteriophages were sensitive to elevated temperatures and V. 
 x
parahaemolyticus bacteriophage was more salt tolerant than V. vulnificus opaque and 
translucent phages. The antimicrobial property of commercial smoked liquid against V. 
vulnificus and V. parahaemolyticus was also investigated.  Hickory liquid smoke was 
effective in reducing V. vulnificus and V. parahaemolyticus population in laboratory 
media and in non-vacuum and vacuum packed oysters stored at 4oC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 xi
CHAPTER 1 
INTRODUCTION 
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Vibrio parahaemolyticus and Vibrio vulnificus are estuarine bacteria widely 
distributed in the natural aquatic environments.  In 1998, one of the largest reported 
outbreaks of Vibrio parahaemolyticus occurred in the United States with 416 persons in 
13 states reported having gastroenteritis after eating raw oysters (Daniels et al., 2000, and 
Hlady et al., 1996).  Vibrio vulnificus was first reported as a foodborne pathogen 
associated with eating raw oysters in 1979 (Blake et al., 1979).  There have been no 
major outbreaks associated with Vibrio vulnificus, but sporadic cases occur frequently 
and become more prevalent during warmer months (Shapiro et al., 1998; O’Neil et al., 
1992).  Every year during the summer months the oyster industry is threatened by closure 
of water ways and recall of oysters due to V. vulnificus and V. parahaemolyticus 
contamination.  
Vibrio vulnificus and V parahaemolyticus have seasonal distribution (Chowdhury 
et al., 1990 and Motes et al., 1998).  Motes et al. (1998) found that Vibrio vulnificus in 
oysters located in the Gulf Coast region had a seasonal distribution, with high numbers of 
3.2 log MPN/g detected from May through October, followed by reduction in November 
and December to < 1 log MPN/g.  These low levels remained until mid-March, when a 
sharp increase in bacterial levels occurred until they reached summer levels by the end of 
April.  The authors concluded that the water temperatures influenced the levels of Vibrio 
vulnificus in the oysters.  Furthermore, the salinity of the water can influence the 
detection of Vibrio vulnificus in oysters.  In oysters collected from the Atlantic coast with 
waters that had salinities above 28 ppt, lower levels of Vibrio vulnificus  (<102 MPN/g) 
were detected compared to Gulf Coast waters with salinities from 5 to 25 ppt that had 
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higher levels of Vibrio vulnificus (> 103 MPN/g) (Motes et al., 1998 and O’Neill et al., 
1992).   
Several studies have used oyster homogenates to study the survival of Vibrio 
parahaemolyticus or Vibrio vulnificus.  The oyster homogenates contain the indigenous 
bacteria that could influence the ability of Vibrio vulnificus to survive under harsh 
environmental conditions.  Vibrio vulnificus inoculated into oyster homogenates then 
stored at 4°C reached non-detectable levels by 24 hours (Oliver, 1981).  Oliver (1981) 
concluded that homogenizing of oysters could release toxic compounds harmful to Vibrio 
vulnificus.  Furthermore, Vibrio vulnificus were able to grow in sterile seawater but when 
inoculated into non-sterile seawater they reach non-detectable levels after 14 days, 
indicating some other biological factor had an influence on their ability to survive 
(Kasper and Tamplin, 1993).  
Several studies have determined the ability of Vibrio parahaemolyticus or Vibrio 
vulnificus to grow and survive under various temperatures.  These studies have had varied 
results, with the Vibrio species growing or surviving at high numbers or reaching non-
detectable levels (Gooch et al., 2002; Muntada-Garriga et al., 1995; Mumphrey et al., 
1992; Oliver, 1981).  One possibility explains variation is that the natural microflora 
bacteria of the oyster could contain bacteriophages that are destructive to the pathogenic 
Vibrio species being tested.  
Bacteriophages, viruses that invade and lyse bacteria, specific to Vibrio 
parahaemolyticus and Vibrio vulnificus are naturally found in seawater and oysters 
(DePaola et al., 1998; DePaola et al., 1997).  Even when low counts of Vibrio vulnificus 
were detected in oysters, high levels of lytic bacteriophages were present in the oysters 
 3
(DePaola et al., 1997).  Therefore, bacteriophages could present a more natural 
alternative to control Vibrio parahaemolyticus and Vibrio vulnificus in oysters.  
The use of bacteriophages for control of foodborne pathogens has just recently 
caught the attention of researchers in the United States.  Several CRIS (Current Research 
Information Service) research projects have been posted for the use of bacteriophages to 
control foodborne pathogens in cattle (Price, S. B., Wright, J. C., DeGraves, F. J., Proj. 
No.: ALAV-0355; Newman, M. C., Proj. No., KY007028), swine, and poultry (Hargis, 
B., Newberry, L., and D. Donoghue; Proj No: ARK01908), but there were no projects for 
using bacteriophages for control of Vibrio parahaemolyticus and Vibrio vulnificus in 
oysters.  To the best of our knowledge, there is no research published in refereed journals 
on the subject of using bacteriophages to control foodborne pathogens in oysters.  Most 
of the research using bacteriophages has been in the area of controlling pathogenic 
bacteria of agricultural crops (Leverentz et al., 2001).  Our study will investigate the use 
of bacteriophages naturally occurring in oysters to control Vibrio vulnificus and Vibrio 
parahaemolyticus in oysters stored at 4, 8, and 25°C.  
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2.1 Bacteriophages 
Bacteriophages are virus that infect bacteria and are widely distributed in the 
environment.  Bacteriophages structure can include a head, tail, tail fiber, and contractile 
sheath that are composed of protein.  The DNA can be linear or circular, double stranded 
about 20 kilobases in size.  The DNA molecule is packed in the head, which can be round 
or hexagonal.  Bacteriophages need a host cell for replication.  Bacteriophages attach on 
to the surface of a host bacterial cell with their tails and then inject their DNA inside the 
cell cytoplasm.  If it is a lytic bacteriophage, the bacterial cell will produce a large 
number of copies of bacteriophage DNA and the bacteriophage proteins.  Following 
assembly of the protein and bacteriophage DNA to produce mature bacteriophages, the 
bacterial cell will lyse, releasing the bacteriophages in to environment.  They in turn will 
attach other bacterial cells.  The bacteriophages are host specific and can range from one 
specific host (strain) for a specific phage to several strains for a phage (Ray, 1996). 
Bacteriophages that lyse a variety of indigenous bacteria, including Pseudomonas 
spp., Vibrio spp., Cytophaga spp., Agrobacterium spp., Photobacterium spp., and various 
nonmarine contaminants particularly members of Enterobacteriaceae have been isolated 
from marine environment.  Enrichments using seawater, sediments, fish and shellfish, 
have been successful used as source of bacteriophages (Baross et al., 1978).  A wide 
variety of bacteriophages have been described that include different morphological types 
such as helical, polyhedral or icosahedral structure.  Moreover, many of these 
bacteriophages are obligate marine phages in that they are psychrophilic and have a 
requirement for salt at marine concentration for infection and growth (Baross et al., 
1978). 
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2.2 Use of Bacteriophages for Foodborne Pathogens Control 
Alavidze et al., 2000, isolated several lytic bacteriophages active against 
genetically diverse Salmonella strains, and demonstrated the utility of these phages in 
cleaning surfaces experimentally contaminated with Salmonella.  Electron microscopy 
identified them as "tailed phages" of the family Myoviridae and Siphoviridae.  The 
"target range" was further increased by 5% by constructing a "cocktail of phages" 
consisting of three phages.  This "cocktail" was efficacious in reducing Salmonella 
counts on experimentally contaminated surfaces, and spraying 1x105 PFU of phage 
reduced the numbers of Salmonella from 1 x 107 CFU to undetectable levels in less than 
48 h.  These phages may be efficacious in managing Salmonella-contamination and 
prophylaxis/treatment of diseases caused by Salmonella, including multidrug resistant 
DT-104 strains (Alvidze et al., 2000, and Leverentz et al., 2001). 
Bacteriophages, viruses that invade and lyse bacteria, specific to Vibrio 
parahaemolyticus and Vibrio vulnificus are naturally found in seawater and oysters 
(DePaola et al., 1998; DePaola et al., 1997).  Even when low counts of Vibrio vulnificus 
were detected in oysters, high levels of lytic bacteriophages were present in the oysters 
(DePaola et al., 1997).  Titer of V. parahaemolyticus bacteriophages occasionally can 
exceed 106 per gram of oyster during the summer months (Baross et al., 1978).  Spencer 
(1963) isolated several bacteriophages, some of which lysed marine vibrios.  Smith and 
Kruger (1954) reported on the isolation of a vibrio phage from San Francisco Bay 
sediment.  Also, Hidaka (1971) isolated three vibrio DNA phages from seawater off the 
coast of Japan, and Kakimoto and Nagatomi (1972) isolated heat-resistant vibrio phages 
from Kinko Bay water (Baross et al., 1978).  A study of the incidence of V. 
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parahaemolyticus bacteriophages in marine samples, Baross et al. (1978) reported that 
the increase of V. parahaemolyticus bacteriophages was associated with increasing 
seasonal water temperatures, and that bacteriophages increase was proportional to the 
increase in the number of mesophilic vibrio but not with the incidence of V. 
parahaemolyticus. 
Phage lytic to V. vulnificus has been isolated from estuarine water samples 
collected from Louisiana coastal waters.  Pelon et al. (1995) isolated nine phages 
infectious to Vibrio vulnificus, among which four morphological groups were isolated 
from estuarine water collected from Louisiana coastal waters.  Of the 60 V. vulnificus 
strains tested, 87% were susceptible to one or more of the isolated phages.  Susceptibility 
differences were seen between opaque (virulent) V. vulnificus strain and those with 
translucent (nonvirulent) colony types, with the former being more susceptible.  The 
isolated plaques were reported to be minute (1 mm or less) with fuzzy outlines and 
complete lysis was not evident.  In addition, plaque numbers at isolation were also low 
(103 to 104/ml).  The electron microscopic study of the nine phage isolates revealed 4 
groups of these phages: (A) Small, tailless icosahedral capsids (s1); (B) icosahedral heads 
with thin flexible tails (P13, P38, P53, P65, P108, and P1111); (C) prolate icosahedral 
heads with relatively short (130 nm) rigid contractile tails (P68) and (D) icosahedral 
heads with long (233 nm) rigid tails consisting of contractile sheaths surrounding rigid 
tubes (P147) (Pelon et al., 1995).  
Comparing translucent and opaque strains of the V. vulnificus Pelon et al. (1995) 
found that 63% of translucent (nonvirulent) strains and 98% of opaque (virulent) strains 
were susceptible to phage isolates.  The use of phages as potential tool for rapid 
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identification of susceptible V. vulnificus isolates is encouraging, but requires further 
studies and refinement (Pelon et. al., 1995). 
DePaola et al. (1997) found a diverse group of V. vulnificus phages to be abundant 
in Gulf Coast oysters throughout the year.  Phage lytic to V. vulnificus were found in 
estuarine waters, sediments, plankton, crustacean, molluscan shellfish, and the intestines 
of finfish of the U.S. Gulf Coast, but no apparent relationship between densities of V. 
vulnificus and its phages was observed.  Phage diversity and abundance in molluscan 
shellfish were much greater than in other habitats (De Paola, 1997).  In March and 
December, V. vulnificus densities were generally 2 to 3 logs lower than in April and 
September, when water temperature is warmer.  The lowest densities were observed in 
water, and the highest occurred in the intestines of the various fish.  Phage densities were 
considerably higher (2 to 4 logs) in molluscan shellfish (oysters and mussels) than in 
other samples.  Low incidence of V. vulnificus phages was found in the fish intestinal 
contents regardless of the high V. vulnificus densities present in the fish intestinal 
contents.  However, V. vulnificus phages were abundant in these oysters (>104/g).  V. 
vulnificus cells were few (<10/g) during cooler months in Gulf Coast oysters.  Abundant 
phages in oysters with few susceptible bacteria (V. vulnificus) suggest long-term retention 
of phage during the winter.  Analysis of oyster tissue and fluid indicated that both V. 
vulnificus and its phages are distributed throughout the oysters and that the lowest level 
of both generally occur in the hemolymph and mantle fluid (De Paola, 1997).  
2.3 Use of Bacteriophages as Therapeutic Agents 
Bacteriophages can be used for the prophylaxis and treatments of various 
bacterial infections.  Phage therapy is the recent development in the field of phage 
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research.  The emergence of multi-antibiotic resistant bacteria is one of the most critical 
problems of modern medicine.  Prior to the discovery and widespread use of antibiotic, it 
was suggested that bacterial infections could be prevented and/or treated by the 
administration of bacteriophages. 
Therapeutic phage preparations have been important products of the 
pharmaceutical industry in Eastern Europe since 1952 and in former Soviet Union since 
1923.  The successful use of phages for treating Staphylococcal skin infection was 
reported in France.  The therapeutic phages were also produced in USA (Mathur, 2002).  
There were reports of successful use of bacteriophage for treatment and prevention of 
experimental E. coli; Pseudomonas aeruginosa, Acinetobacter, Klebsiella ozaenae, K. 
rhinoscleromatis and K. pneumoniae infections in mice and guinea pigs.  Phage therapy 
was applied to a variety of infections like bacterial dysentery, wound infections, 
gastrointestinal tract infections, infections of skin nasal mucosa, and gastrointestinal tract 
infections caused by other etiologic agents like Shigella, Salmonella, Proteus, 
Staphylococcus, and Streptococcus (Mathur, 2002).  The efficacy of phages in treating 
bacterial diseases have been demonstrated by using animal models for E. coli, Salmonella 
enterica serovar typhimurium, and Pseudomonas aeruginosa.  Phages have also been 
used successful to prevent bacterial disease in fish and to control pathogens of tomatoes 
(Cerveny et al., 2002 and Cerveny et al., 2001).  
Within the past two decades, however, there has been a renewed interest in phage 
therapy due primarily to the increasing incidence of antibiotic-resistant bacteria and the 
lack of development of new types of antibiotics to control infections caused by these 
antibiotic-resistant organisms (Cerveny et al., 2002).  Phages are similar to antibiotics as 
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they have remarkable antibacterial activity.  All phages are specific i.e. they react to only 
their targeted bacterial host and not to human or other eukaryotic cells.  For example, 
phages specific to V. cholerae, always lyse V. cholerae and will not lyse Shigella, 
Salmonella or E. coli bacteria.  This is a clear contrast to antibiotics, which target both 
pathogenic microorganisms and normal microflora.  As a result of antibiotic treatment, 
the microbial balance in the patient is disturbed and may lead to serious secondary 
infections.  In several World Health Organization (WHO) sponsored studies in East 
Pakistan (now Bangladesh) in the 1970s, bacteriophage therapy was compared with 
tetracycline as the therapeutic agent.  It was reported that very high dose phage therapy 
was comparable to tetracycline in reducing the excretion of Vibrio in the stool (Mathur, 
2002). 
The phage had been used earlier for the confirmatory diagnosis of V. cholerae 01 
infection.  They are still being used for the differentiation of classical and ElTor biotypes 
of V. cholerae 01.  Furthermore, a study conducted in South America favored the use of 
presence of phages in sewage water as a potential prediction of outbreak of cholerae 
diseases (Mathur, 2002).  
In the past, Escherichia coli phages had been used to detect non-enteropathogen-
specific fecal contaminations in water.  In countries where cholerae is endemic, V. 
cholerae phage 01 bacteriophages (i.e. vibrio phages) have been selected in sewage water 
and served as strain markers and for typing of V. cholerae classical, 01 and 0139 strains 
(Mathur, 2002). 
Cerveny et al. (2002) examined the potential use of bacteriophages as therapeutic 
agents against V. vulnificus in an iron dextran-treated mouse model of V. vulnificus 
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infection.  They found that two different phages were effective against three different V. 
vulnificus strains with various degree of virulence whereas a third phage that required the 
presence of seawater to lyse bacteria in vitro was ineffective at treating mice.  Optimum 
protection required that phages be administered within 3h of bacterial infection at doses 
high as 108 PFU.  These results demonstrated that bacteriophages have therapeutic 
potential for both localized and systemic infections caused by V. vulnificus in animals. 
2.4 Vibrio Species 
Vibrio species are gram-negative, facultative anaerobes, mesophiles, and 
nonsporoforming-curved rods (0.5- 1.0μm).  They are motile by means of a single polar 
flagellum. They are usually found in fresh water and marine environments.  Therefore, 
foods harvested from aquatic environment are at risk of contamination.  Some species 
need NaCl for growth.  Several species such as V. parahaemolyticus, V. vulnificus and V. 
cholerae are pathogens and have been involved in foodborne disease, while some others 
can cause food spoilage (V. alginolyticus) (Ray, 1996). 
The halophilic marine organisms, V. parahaemolyticus and V. vulnificus are 
common in ocean and coastal waters, and can be isolated from seafood found in these 
waters (Ray, 1996).  Vibrio spp. can survive long time during starvation by sequential 
changes in cell physiology and gradual changes in morphology.  V. parahaemolyticus and 
V. vulnificus can enter into a viable but non culturable (VNC) stage when exposed to low-
nutrient environment (Chaiyanan et al., 2001; Oliver, 1993; Oliver, 1991; Nilsson et al., 
1991; Jiang et al., 1996; and Linder et al. 1996).  
Vibrio parahaemolyticus is enterophatogenic, catalase and oxidase positive.  The 
strains grow in medium containing glucose without production of gas, but they are unable 
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to ferment lactose and sucrose.  The temperature range for growth is 5-42oC with the 
optimum around 30 to 37oC.  Their optimum NaCl requirement is 3% and growth is 
restricted at pH 5.0 or bellow. V. parahaemolyticus causes vomiting, diarrhea, abdominal 
pain, nausea, fever, chilies with onset time 2 to 48h after consuming a contaminated food.  
The organism multiplies in the intestinal tract and makes one or more toxins that 
contribute to the symptoms.  Uncooked or undercooked seafood has been implicated as 
the vehicle in many outbreaks.  V. parahaemolyticus is endemic in Japan where 
consumption of raw seafood is the normal diet.  V. parahaemolyticus is responsible for 40 
to 70% of foodborne gastroenteritis diseases involving seafood.  It occurs most often in 
summer (Ray, 1996 and Hlady et al., 1996). 
In the United States the involvement of V. parahaemolyticus in foodborne 
infection was first recognized in 1971 from a large outbreak associated with the 
consumption of steamed crabs contaminated with the pathogen following heat treatment.  
Several other large-scale outbreaks were confirmed in the 1970s.  In the U.S. V. 
parahaemolyticus has been recovered in all types of seafood (fish, shellfish, and 
crustaceans) harvested from Atlantic, Pacific, and Gulf waters.  In the waters around 
Louisiana, it is not unusual to examine seafood and find V. cholerae, V. 
parahaemolyticus and V. vulnificus (Ray, 1996 and Daniels et al., 2000). 
Vibrio vulnificus is a gram-negative, lactose-positive, salicin positive, halophilic 
bacterium that inhabits marine and estuarine environments and causes three syndromes of 
clinical illness in humans: gastroenteritis, wound infections, and primary septicemia.  
Although gastroenteritis is self-limited and rarely reported, wound infection and primary 
septicemia are highly lethal conditions (40 to 60%) that occur most often in people with 
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liver disease or other immunocompromising conditions (Ray, 1996 and Stelma et al. 
1992).  Primary septicemia with V. vulnificus is usually associated with the consumption 
of raw oysters; it is probably the leading cases of seafood-associated fatalities in the 
United States (Ray, 1996; Shapiro et al., 1998; Kaysner et al., 1994; Blake et al., 1980; 
Hlady et al., 1996 and Daniels et al., 2000).  Following consumption of contaminated 
seafood, in many cases raw oysters, the cells penetrate the intestinal wall and produce 
primary septicemia within 20 to 40h.  The symptoms are chills, fever, and prostration, 
with occasional vomiting and diarrhea (Ray, 1996).  Between 1988 and 1996, 422 V. 
vulnificus infections were reported to the Center for Disease Control and Prevention 
(CDC) from 22 states, 84% of infections were from Golf Coast region and 16% were 
from other states.  Most (79%) of these infections were traced to oysters harvested in 
Louisiana and Florida (Shapiro, 1998). 
Among ingestion-associated infections, 181 (89%) presented as primary 
septicemia and 23 (11%) presented as gastroenteritis.  Almost all reported primary 
septicemia and gastroenteritis infections were preceded by eating raw shellfish.  Among 
the 181 patients with primary septicemia, 173 (96%) had ingested raw oysters in the 7 
days preceding illness.  Among the 23 patients with gastroenteritis, 19 (83%) reported 
eating raw oysters in the 7 days preceding illness.  All syndromes of V. vulnificus 
infection were more common in warmer months (Shapiro, 1998).  
Water temperature and salinity have been shown to influence its growth and 
survival (O’Neill et al., 1992).  Motes et al. (1998) investigated the temperature and 
salinity parameters associated with V. vulnificus infections in Northern Gulf and Atlantic 
Coast oysters.  A consistently large number (2,300 organisms [most probable number 
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{MPN} per gram of oyster meat]) from May through October followed by a gradual 
reduction during November and December to ≤10/g, where in remaining from January 
through mid-March and a sharp increase in late March and April to summer levels.  V. 
vulnificus was undetectable (<3/g) in oysters from North and South Carolina sites for 
most of the year.  An exception occurred after the late-summer flood when the salinity in 
North Carolina estuary dropped, V. vulnificus number increased with water temperatures 
up to 26oC and were constant at higher temperatures.  High V. vulnificus levels (>103/g) 
were found in oysters from intermediate salinity (2 to 25ppt).  Smaller V. vulnificus 
numbers (<102/g) were found at salinity above 28ppt, typical of Atlantic Coast sites 
(Motes, 1998). 
2.5 Antimicrobial Properties of Liquid Smoke 
One commercial method for smoking of foods is accomplish by adding smoke 
flavorings; these are complex mixture of liquid or solid matrix in which smoke 
components are retained.  Smoking affects the shelf and modifies the organoleptic 
properties of foods including flavor, texture, and color.   These changes in foods are 
caused by smoke components such as phenols, organic acids, carbohydrates and 
nitrogenated compounds.  The antimicrobial properties of smoke extracts have been well 
documented.  The antimicrobial activity of liquid smoke is mainly due to the phenolic 
compounds (Guillen et al., 2001; Sunen, 1998; Boyle et al., 1988; Rozum and Maurer, 
1997; Sofos et al., 1987).   Early investigators believed that the glossy appearance of the 
smoked meats meant that the proper resins, phenols, and aldehydes were deposited onto 
the meat surface. These compounds were called residual antiseptic effect in smoked 
meats (Rozum and Maurer, 1997).   Rozum and Maurer reported the APC reduction on 
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cooked chicken breast after one week of storage at 2oC.  However their results were 
inconsistent.   
Liquid smoke inhibited the growth of L. monocytogenes and L. innocua by 3 log/g 
in cold-smoked salmon (Vitt et al., 2001).  Faith et al., (1992) also reported the 
inactivation of L. monocytogenes by 0.2-0.6% liquid smoke in wiener exudates 
containing isoeugenol. 
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CHAPTER 3 
USE OF BACTERIOPHAGE TO CONTROL VIBRIO VULNIFICUS AND 
VIBRIO PARAHAEMOLYTICUS IN OYSTERS 
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3.1 Introduction 
Vibrio vulnificus and V. parahaemolyticus are foodborne pathogens known to 
cause gastroenteritis.  V. vulnificus can cause wound infections and primary septicemia in 
people with underlying health problem, such as blood and liver disorders and immune 
deficiencies.  There have been no major outbreaks associated with V. vulnificus and V. 
parahaemolyticus but sporadic cases occur frequently and become more prevalent during 
warmer months.  The virulence of Vibrio vulnificus is related to the expression of a 
polysaccharide capsule.  Vibrio vulnificus that produce the polysaccharide capsule are 
virulent and their colony morphology is opaque, whereas phase variants with reduced 
expression of a polysaccharide capsule are attenuated and the colony morphology is 
translucent (Blake et al., 1980; Stelma et al., 1992; Kaysner et al, 1994; Ray, 1996; 
Shapiro et al., 1998; Daniels et al., 2000; and Wright et al., 2001). 
Every summer, the oyster industry is threatened by recall of oysters due to V. 
vulnificus and V. parahaemolyticus contamination.  Vibrio spp in raw oysters can be 
eliminated or reduced to non-detectable levels by freezing, high hydrostatic pressure 
processing and irradiation. Post-harvest treatments (PHT), such as bacteriophage 
treatments, can be an alternative method to eliminate or reduce Vibrio spp to non-
detectable levels.  
Bacteriophages, viruses that lyse bacteria, specific to Vibrio spp have been found 
in seawater and oysters from the Gulf Coast (Pelon et al., 1995; DePaola et al., 1997).  
Bacteriophages have been used as a biocontrol method for Salmonella on fresh-cut fruit 
(Leverentz et al., 2001) and to reduce Listeria monocytogenes on honeydew melon tissue 
(Leverentz et al., 2004).  Leverentz et al. (2001) tested a lytic bacteriophage mixture 
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specific for Salmonella enteritidis on the surface of fresh-cut Honeydew melons and Red 
Delicious apples.  They found a reduction of the bacteriophage titer occurred on the 
surface of these fresh-cut fruits.  The greatest loss of the bacteriophage titer was on the 
surface of Red Delicious apples with the titer reaching non-detectable levels by 48 hours 
whereas on the surface of the melons the titer of the bacteriophage decreased 4 logs 
Plaque Form Unite (PFU)/wound by 168 hours.   The reduction of Salmonella enteritidis 
was 3.5 logs CFU/g on the surface of Honeydew melons but no reduction was observed 
when the bacteriophage and bacteria were on the surface of Red Delicious apples.  The 
author concluded that the pH of Red Delicious apples had a detrimental effect on the 
bacteriophage.   
Cerveny, and Gulig, 2001, investigated the use of bacteriophages to control Vibrio 
vulnificus in a mouse model and experimentally infected oysters.  During this study they 
found that the bacteriophage at a concentration of 108 PFU successfully protected the 
mice from a lethal dose of Vibrio vulnificus whereas the same bacteriophages did not 
reduce the levels of Vibrio vulnificus in the oysters.  Koo et al., 2000, examined the acid 
resistance of bacteriophages virulent against Vibrio vulnificus in vitro.  They found when 
the bacteriophages were exposed to pH 4 at 21°C the phages retained their activity after 2 
hours, but at pH 3 the phages lost activity within 24 minutes. 
 Intralytix, Inc., the world’s leading commercial bacteriophage company has put 
in an application to the FDA for use of bacteriophages to control Salmonella spp. on the 
surface of chickens.  Studies conducted by Intralytix, Inc. showed Salmonella spp. could 
be greatly reduced with 108 of bacteriophages (personal communication).  Furthermore, 
Dr. Torrey Brown M. D., The Chairman on the Board of Intralytix, felt they would 
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receive approval for the use of bacteriophages because chicken tissue already contained 
1012 to 1014 bacteriophages and bacteriophages are made up of DNA and protein which is 
part of the composition of chicken tissue.  The approval for the use of bacteriophages in 
oysters is promising because oysters also contain high counts of bacteriophages (DePaola 
et al., 1997).  Use of bacteriophages naturally found in oysters and seawater to control V. 
vulnificus and V. parahaemolyticus may be more likely to be approved by the FDA.     
The purpose of this study is to isolate, identify and characterize bacteriophages 
that are virulent to V. parahaemolyticus and V. vulnificus from oyster and seawater; and 
also to study the effectiveness of bacteriophage in reducing and/or eliminating V. 
parahaemolyticus and V. vulnificus in laboratory media and in raw oysters during storage. 
In addition we investigated the effects that pH, temperature and salt content have on the 
activities of bacteriophages isolated from oysters against virulent Vibrio vulnificus, 
attenuated Vibrio vulnificus or Vibrio parahaemolyticus.   
3.2 Materials and Methods 
3.2.1 Media 
Tryptone broth (TB) consisted of 10 g of tryptone, 30 g (3%) of NaCl and 1L of 
distilled water.  The pH was adjusted to 7.4 and the broth was autoclaved for 15 min at 
121oC.  Double-strength TB (2XTB) contained twice amount (20 g) of tryptone/L and 
filtered estuarine water.  Double-strength tryptone base agar (2XTBA) was prepared with 
2XTB plus 2% agar.  Double-strength tryptone soft overlay agar (2XTSOA) consists of 
2XTB plus 0.7% agar.  Estuarine water-diluent (EWD) was serially passed through a 0.22 
μm membrane, and autoclaved.  Vibrio maintenance medium (VMM) contained tryptone 
(8 g), nutrient broth (4 g), agar (4 g), and EWD to 1L (Pelon et al., 1995). Finally, 
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Thiosulfate-Citrate-Bile-Sucrose (TCBS) agar consisted in 89g of TCBS powder (Troy 
Biologicals Inc. Troy, MI) and 1L of distilled water. 
3.2.2 Bacterial Cultures  
Strains of Vibrio parahaemolyticus and Vibrio vulnificus 1003 both opaque and 
translucent were obtained from Dr. Jerome La Peyre, Veterinary Science Department at 
Louisiana State University.  The vibrio strains were originally isolated from the patients 
with septicemia.  Pure cultures were stored at –80°C and subcultured twice at 30°C for 
18-24 h before being used.   The cultures were transferred from the stock cultures by 
inoculating VMM slants (Pelon et al., 1995), and incubated at 30°C for 24h, then kept at 
room temperature. The working cultures were again transferred from the VMM slants by 
inoculating 10 ml of Tryptone (Troy Biologicals) broth. The cultures were incubated at 
30°C for 18 to 24h to obtain 107-108 colony forming units (CFU/ml).   
3.2.3 Oyster Preparation   
Oysters collected from the Gulf of Mexico were provided by Dr. John Supan, 
office of Sea Grant Development at Louisiana State University, Motivatit Seafood Inc., 
Louisiana Oyster Processor, and Seafood Exchange Companies.  Upon arrival to our lab, 
10 to 12 oysters were select at random.  Surface microflora and mud were removed by 
scrubbing the oysters under running water.  The surface of the oysters was sterilized by 
spraying the shells with 70% ethanol and allowing them to air-dry.  The oysters were then 
shucked with a sterile knife and placed with their liquor into sterile sampling bags.   
3.2.4 Isolate, Identify and Characterization of Bacteriophages  
Naturally occurring bacteriophages were isolated from oysters and seawater 
collected from the Gulf of Mexico (Camminada Bay), every two months to determine if 
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there was variability in the presence of possible bacteriophages that are active against 
Vibrio vulnificus or Vibrio parahaemolyticus.  The optimum salinity and temperatures for 
the bacteriophage activity were determined.  Oysters and seawater were kept chilled in 
ice during transport to the Food Safety/ Food Microbiology lab at Louisiana State 
University. 
3.2.4.1 Isolation and Enumeration of Bacteriophages  
We used sterile 2XTB for isolation and enumeration of bacteriophages (Pelon et 
al., 1995).  Seawater that had been filter sterilized was used when making dilutions and 
for maintaining bacteriophages (Koo, et al., 2000; DePaola et al., 1998, Pelon et al., 
1995).  Bacteriophage enumeration was done using the soft agar overlay technique 
(Benson, 2002).  Plates with 250 plaque forming units (PFU/ml) or fewer were counted. 
 To increase the numbers of bacteriophages in seawater, 45 ml of 2XTB was added 
to 45 ml of seawater along with 10 ml of Vibrio parahaemolyticus or Vibrio vulnificus 
strains.  To isolate the bacteriophages from oysters, the adductor muscle and gill were 
removed and the remaining tissues of the oyster were combined with equal volumes of 
2XTB, blended for 2 min, then inoculated with 10 ml aliquots of V. parahaemolyticus or 
V. vulnificus grown overnight in TB at 30°C.  Both, inoculated seawater and oyster 
samples were incubated with constant agitation at 30°C for 48 h. 
After incubation, each sample was triple centrifuged at 5,500 X g. for 15 min and 
the supernatant filtered through a filter with a pore size of 0.45 and 0.22 µm.  Detection 
of plaque formation was determined by the agar overlay method (Benson 2002).  
Bacteriophages were collected from the individual plaque areas with sterile Pasteur 
pipettes and placed into sterile seawater.  Bacteriophage stock samples were prepared as 
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previously described (Koo et al., 2000).  Briefly, bacteriophages were serially diluted and 
0.1 ml of the dilutions was inoculated onto 2XTBA that had been previously inoculated 
with 0.02 ml of Vibrio vulnificus or Vibrio parahaemolyticus strains.  The plates were 
incubated at 30°C for 24 hours for bacteriophage propagation.  Then 10 ml of sterile 
seawater with phage lysing medium was added to the plates and they were incubated for 
an additional 6 hours at 30°C.  The seawater suspension was collected, centrifuged, 
filtered sterilized (0.22 µm) and PFU/g determined as described above.  The 
bacteriophage stock samples were stored at –80°C until used in further tests. 
3.2.4.2 Characterization of Bacteriophages 
 Transmission electron microscopy was used to observe the morphology of the 
newly isolated bacteriophages.  The bacteriophages were filtered through 0.22 µm pore 
size filters. Carbon coated copper grids were placed into droplets of the bacteriophages 
for 3 min.  Next the grids were negative stained with 2% phosphotungstic acid (PTA) for 
30 seconds and observed under a transmission electron microscope.  
 The physiochemical properties of the bacteriophages were investigated.  The 
effects of pH, temperature, and salt content on the bacteriophages inactivation were 
evaluated.  The physiochemical properties of the bacteriophages were determined by the 
method described by Koo et al., (2000).  The bacteriophages that have the highest 
resistance to the physiochemical conditions (salinity, pH and temperature) were used 
further in the experiments involving oysters. 
3.2.5 Salinity and pH Study 
Bacteriophage stock samples were prepared as previously described (Koo et al., 
2000). Before use, the phages were submitted to UV light treatment for 5 hours.  
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Tryptone broth was adjusted to a pH of 3, 4, 5, 6, 7, 8, 9 or 10.  Then 100 µl of 
bacteriophages were added to 900 µl of the different pH TB broths and stored at 4, 30, 
and 45°C for 36 days.  Bacteriophages (100 µl) were added to 900 µl of sterile water with 
the following salt concentrations 0, 2, 6, 10, 14, 18, 22, 26, or 30% and stored at 4, 30, 
and 45°C.  The bacteriophage activity was determined using the soft agar overlay 
technique using phages active against virulent Vibrio vulnificus (Vvo), attenuated Vibrio 
vulnificus (Vvt) or Vibrio parahaemolyticus (Vp) (Benson, 2002).  Retention of 
bacteriophages activity was determined at days 0, 1, 4, 7, 14, 19, 25, 28, 36, 52 for salt 
concentration and at days 0, 1, 4, 8, 12, 24, and 36 for pH.   
3.2.6 In-vitro Study of the Effect of Bacteriophages Active Against V. vulnificus 
and V. parahaemolyticus 
 
The antimicrobial activity of bacteriophages against V. vulnificus opaque, V. 
vulnificus translucent and V. parahaemolyticus was tested in estuarine water-diluent 
double strength triptone broth (EWD-2XTB).  One ml of the overnight cultures of V. 
vulnificus opaque and translucent and V. parahaemolyticus were added to micro-
centrifuge (eppendorf) tubes and centrifuged for 3 min at 14,000 X g.  Supernatant was 
removed and the cell pellets were resuspended in one ml of Vvo, Vvt and Vp 
bacteriophage’s culture in EWD-2XTB.  The control samples were resuspended in 1 ml 
of sterile EWD-2XTB.  The samples were thoroughly vortex and then incubated at 30oC 
for 24h.  Serial dilutions in sterile 0.1% PBS were made then spread-plated on TCBS 
agar.  Plates were incubated at 35oC for 18 to 24h.  Yellow (V. vulnificus) and green (V. 
parahaemolyticus) colonies were counted, and results were expressed in log CFU/g.  
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3.2.7 Effect of Bacteriophages Active Against V. vulnificus and V. 
parahaemolyticus in Raw Oysters 
 
Oysters, obtained from Motivatit Seafood Inc., were washed, sprayed with 70% 
ethanol on the surface, dried and then shucked. Ten milliliter of an over night Vibrio spp. 
cultures (Vvo, Vvt and Vp) were centrifuged for 15 min at 5,500 X g.  Supernatants were 
removed and the cell pellets were resuspended in 3% NaCl TB, then used to inoculate the 
oysters.   
One oyster per treatment was inoculated with 1ml vibrio culture. After the 
inoculation, the oysters were treated with 1 ml of Vvo, Vvt or Vp phages.  Inoculated but 
non-phage treated oysters were used as controls.  All the phage treated oysters and 
controls were divided in 2 groups, one group was not treated with UV light and the other 
was treated with UV-light for 5, 15 and 30 min (Murphree, 1991).  The oysters were 
transferred into a stomacher bags, weighted and then equivalent amount (ml) of PBS (1:1 
dilution) was added to each bag.  The samples were stomached for 2 min; serial dilutions 
in sterile PBS were made with blended, mixed then spread-plated in duplicate on TCBS 
agar (Troy Biologicals Inc., Troy, MI).  All plates were incubated at 35oC for 18 to 24h.  
Yellow (V. vulnificus) and green (V. parahaemolyticus) colonies were counted; colony-
forming units per gram (CFU/g) were calculated the results were expressed in log CFU/g. 
3.2.8 Statistical Analysis 
  The experiments were repeated 3 times and each sample was plated in duplicate.  
The statistical analysis of the data was done by using one-way ANOVA (JMP IN version 
4.0.3, SAS Institute Inc., Cary, NC., USA) P<0.05.  The results presented in tables are 
mean and standard deviation of 3 replicates. 
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3.3 Results and Discussion 
3.3.1 Seasonal Occurrence of Bacteriophages Active Against V.       
parahaemolyticus and  V. vulnificus in Live Oysters 
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Figure 3.1:  Detection of bacteriophages lytic against Vibrio spp isolated from oysters 
harvested from the Louisiana coastal waters. Vvo = Vibrio vulnificus opaque 
bacteriophages, Vvt = Vibrio vulnificus translucent bacteriophages, and Vp = 
Vibrio parahaemolyticus bacteriophages. 
 
 
 
 
 
 
 
 
 
 
 
 
 31
Bacteriophages found in the oyster tissue were more abundant against the virulent 
strain of V. vulnificus compared to the attenuated V. vulnificus strain and V. 
parahaemolyticus (Figure 3.1).  The highest counts for bacteriophages active against 
virulent V. vulnificus were from April 2003 to October 2003, with peak counts of 3.93 
PFU/g of bacteriophages occurring in August.  The bacteriophages active against 
attenuated V. vulnificus had higher counts (about 3.00 PFU/g) between April 2003 and 
August 2003 but the counts were at non-detectable levels by October 2003.  The 
bacteriophages active against V. parahaemolyticus were always below 2.50 PFU/g and 
were at non-detectable levels in December 2002 and August 2003.  These results indicate 
that bacteriophages active against both V. vulnificus strains have a seasonal distribution 
occurring mainly in the summer months when both of these bacteria are at their highest 
numbers in oysters (O’Neill, 1992).    
Bacteriophages active against V. vulnificus and V. parahaemolyticus have been 
isolated from seawater, sediments and marine animals such as oysters, clams, crabs, 
squids and mussels (Baross et al., 1978; DePaola et al., 1997; DePaola et al., 1998; and 
Pelon et al., 1995).  High level of lytic bacteriophages active against V. vulnificus were 
found in oysters even when V. vulnificus counts were low (DePaola et al., 1997).  Our 
results are similar to those found by Pelon et al. (1995) and Baross et al. (1978).  Pelon et 
al. (1995) reported low level of bacteriophages (103 to 104/ml) in Louisiana estuarine 
waters.  However, V. parahaemolyticus bacteriophages in oyster occasionally can exceed 
106 /g in summer months (Baross et al., 1978).  Barros et al. (1978) reported high number 
of V. parahaemolyticus K-4 bacteriophages from oysters and clams obtained from 
shellfish growing areas in Oregon and Washington.  They found that a high incidence of 
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K-4 phages coincident with high number of mesophilic vibrios and not with Vibrio 
parahaemolyticus counts which were very low.  Kakimoto and Nagatomi (1972) isolated 
heat-resistant phages from Kinko Bay water.    
3.3.2 Characterization of Bacteriophages 
             
 
Figure 3.2: Micrograph of Vibrio vulnificus bacteriophage isolated from oysters and 
seawater. Icosahedral head with flexible thin tail and retracted tail sheath, and 
tailless phages. Negative stained with 1% PTA. Bar size: 1 µm. Magnification x 
45350.             
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Figure 3.3: Micrograph of Vibrio vulnificus bacteriophage isolated from oysters and 
seawater.  Icosahedral head with flexible thin tail. Negative stained with 1% PTA. 
Bar size: 1 µm. Magnification x 45350. 
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Figure 3.4: Micrograph of Vibrio vulnificus bacteriophage isolated from oysters and 
seawater, shown icosahedral head and thin tail. Negative stained with 1% PTA. 
Bar size: 1µm.  Magnification x 45350.            
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Figure 3.5: Micrograph of Vibrio vulnificus bacteriophage isolated from oysters and 
seawater, shown icosahedral head and rigid tail. Negative stained with 1% PTA 
Bar size: 0.5µm. Magnification x 69170.             
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Figure 3.6: Micrograph of Vibrio parahaemolyticus bacteriophage isolated from oysters 
and seawater shown icosahedral head flexible tail and unretracted tail sheath. 
Negative stained with 1% PTA. Bar size: 0.5µm. Magnification x 69170.             
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We observed complete lysis of bacteria by Vvo and Vvt phage isolates because 
the plaques were very clear (almost transparent).  However, Vp phage plaques were very 
small and cloudy.  Even after the plaques were exposed to UV light, the plaque size did 
not increase and in some cases the Vp phage became inactive.  UV exposure did not 
change the size of Vvo and Vvt plaques as well, but the clearness of the Vvt plaques was 
increased.  UV-exposure might induce the lysis of the bacterial cells, thus improving the 
size and clearness of the plaques. However, we did not observe any changes in Vp 
plaques.  UV irradiation can induce synchronous phage production by most cells of 
lysogenic population of B. megaterium (Gottesman and Weisberg, 2004; Kameyama et 
al., 1999). 
Transmission electron microscope observation showed the predominant 
morphology of bacteriophage against Vibrio vulnificus and Vibrio parahaemolyticus were 
icosahedra with thin flexible tails. Morphology of the isolated V. vulnificus and V. 
parahaemolyticus phages were represented in Figures 3.2 to 3.6.  These bacteriophages 
varied in size of head and tail length.   The head structure is icosahedra, flexible thin tail 
and retracted tail sheath (Figure 3.2).  Some of the isolates were icosahedral and tailless 
phages (Figure 3.2 and Figure 3.3).  Figure 3.3 shows icosahedra phages with very short 
tails (almost unseen).  These phages are similar to Salmonella phage P22 (www.asm.org).  
Figure 3.5 shows Vibrio vulnificus bacteriophage with icosahedral head and inflexible 
long tail.  This phage is similar to E. coli T-4 like phage (Campbell 1993, www.asm.org).  
Our phage morphology was similar to those isolated and identified by Pelon et al., 1995, 
who isolated 4 types of Vibrio vulnificus phages containing the following morphology: 1) 
Small tailless icosahedral capsids, 2) icosahedral heads with flexible tails, 3) prolate 
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icosahedral heads with relatively short rigid contractile tails and 4) icosahedral heads 
with long rigid tails consisting of contractile sheaths surrounding rigid tubes.   
Finally, Figure 3.6 shows Vibrio parahaemolyticus phage isolates.  These phages 
have icosahedral head, with flexible long tail similar to HK97 lambda-like phage (E. coli 
phage) (www.pitt.edu; Campbell, 1993; Hardies et al., 2003).   
3.3.3 Salinity and pH 
Understanding the relationship between vibrio phages and salinity, pH and 
temperature may be used to determine the extent to which environmental factors 
influence the phage activity. Furthermore, this information may help to determine the 
optimum conditions for using phage treatments to control V. vulnificus and V. 
parahaemolyticus in oysters.  The salinity of the seawater where the oysters were 
harvested varied from 10.5 to 23 ppt. 
3.3.3.1 Salinity 
 
Table 3.1 shows the Vibrio vulnificus opaque phages (Vvo phages) activity under 
different salt concentrations stored at 4oC.  Vvo phages were more active against V. 
vulnificus opaque in seawater, 6 and10% NaCl, where they maintain active up to 36 days 
at 4oC.  The optimum activity was observed at 19 days, and then the activity was reduced 
between 25 to 52 days.  Vvo phages lost their activity at low (0 and 2%) and at very high 
(26 and 30%) salt concentrations after 25 days at 4oC.  At 30oC, Vvo phages remained 
active against V. vulnificus opaque in the seawater and at 6 and 10% salt up to 52 days 
and showed the optimum activity at day 0 and 14 in all salt concentrations (0 to 30%).  
However, the Vvo phages lost their activity on day 28 at 0 and 2% salt and after day 14 at 
salinity of 18-30% (Table 3.2).  At 45oC the Vvo phages retained their original activity in 
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seawater up to 14 days (Table 3.3) after that the activity was reduced.  At salinity of 6 
and 10% the Vvo phages retain the activity similar that of the seawater, showing the very 
clear zone, however, at day 19 no activity was observed (no clear zone). At a high 
temperature (45oC) and high salt concentrations (26-30%), Vvo phages completely lost 
their activity after 4 days (Table 3.4). 
 Vibrio vulnificus translucent phages (Vvt phages) were very active 
throughout the 52 days for salt concentrations from 2 to 22% at 4oC.  At 26 and 30% 
NaCl cloudy zones were observed from day 19 to 22. However, at day 1 and 4 for all 
concentration a reduction in activity was observed whereas the activity of these phages 
was sharply increased by day 7.  This change in phage activity could be related to phages 
temperature adaptation. 
At 30oC Vvt phages were equally active up to 7 days, but the activity was 
decreased and no zone of inhibition was detected by day 14 for 26 to 30% salt and at day 
19 for 0, 14, 18 and 22% of salt. Similar to Vvo phages, Vvt phages were active in 
seawater, but at 30oC the optimum activity was observed at 6% salinity (Table 3.5). 
At 45oC (Table 3.6) Vvt pages lost their activity after the first day in 18 to 30% 
salt and after 7 days in 0 to 14 % salt. In the seawater at 45oC Vvt phages activity was 
reduced after 14 days and no zone of inhibition was detected thereafter. 
V. parahaemolyticus phage (Vp phages) activity was low at day 0 at 4oC but, by 
day 7 the zone of inhibition was clear indicating their activity had gradually increased 
with time in 6 and 10% salt.  Vp phages activity was high by day 19 at 6 to 18% salt. 
After 19 days Vp phages lost their activity in 0% salt at 4oC and 30oC (see Table 3.7).  In 
addition, Vp phages had no activity by 28 days in 30% salt at 30o C.  For Vp phages a 
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strong zone of inhibition was observed in the seawater, 6, 10 and 18% salt.  Finally, at 
45oC Vp phages lost activity and by day 28 no zone of inhibition was observed for all 
concentration of salt (Table 3.9). 
Table 3.1: Vibrio vulnificus opaque (Vvo) phages stored in different salt concentrations a 
for 52 days at 4oC 
 
Days  
Sodiumb 
Chloride 
(NaCl )% 
0 1 4 7 14 19 25 28 36 52 
0 +++ +++ +++ +++ +++ ++ + - - - 
2 +++ +++ +++ +++ +++ ++ + - - - 
6 +++ +++ +++ +++ +++ ++ + + + + 
10 +++ +++ +++ +++ +++ ++ ++ + + + 
14 +++ +++ +++ +++ +++ ++ + + + + 
18 +++ +++ +++ +++ +++ + + + + + 
22 +++ +++ +++ +++ +++ + + + + + 
26 +++ +++ +++ +++ +++ + + - - - 
30 +++ +++ +++ +++ +++ + + - - - 
Seawater c +++ +++ +++ +++ +++ +++ ++ + + + 
 
(-) = no clear zone, (+) = cloudy or fuzzy zone, (++) = clear zone, (+++) = transparent 
zone. a Sterile distilled water 
b Type of salt  
c Seawater collected from Gulf Coast  
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Table 3.2: Vibrio vulnificus opaque (Vvo) phages stored in different salt concentrations a 
for 52 days at 30oC 
 
Days  
Sodium b 
Chloride 
(NaCl) % 
0 1 4 7 14 19 25 28 36 52 
0 +++ ++ ++ +++ +++ ++ + - - - 
2 +++ ++ ++ +++ +++ ++ + - - - 
6 +++ ++ ++ +++ +++ ++ ++ + + + 
10 +++ ++ ++ +++ +++ ++ ++ + + + 
14 +++ ++ ++ +++ +++ + + + - - 
18 +++ ++ ++ +++ +++ + - - - - 
22 +++ ++ ++ +++ ++ - - - - - 
26 +++ ++ ++ +++ ++ - - - - - 
30 +++ ++ ++ +++ ++ - - - - - 
Seawater c +++ +++ +++ +++ +++ ++ + + + + 
 
(-) = no clear zone, (+) = cloudy or fuzzy zone, (++) = clear zone, (+++) = transparent 
zone. 
a Sterile distilled water 
b Type of salt  
c Seawater collected from Gulf Coast  
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Table 3.3: Vibrio vulnificus opaque (Vvo) phages stored in different salt concentrations a 
for 52 days at 45oC 
 
Days  
Sodium b 
Chloride 
(NaCl) % 
0 1 4 7 14 19 25 28 36 52 
0 ++ ++ ++ ++ ++ + + - - - 
2 ++ ++ ++ ++ ++ + - - - - 
6 ++ ++ ++ ++ +++ + + - - - 
10 ++ ++ +++ +++ +++ - - - - - 
14 ++ ++ ++ ++ ++ - - - - - 
18 ++ ++ ++ ++ ++ - - - - - 
22 ++ ++ ++ + + - - - - - 
26 ++ ++ ++ - - - - - - - 
30 ++ ++ ++ - - - - - - - 
Seawater c +++ +++ +++ +++ +++ + + + + + 
 
(-) = no clear zone, (+) = cloudy or fuzzy zone, (++) = clear zone, (+++) = transparent 
zone 
a Sterile distilled water 
b Type of salt  
c Seawater collected from Gulf Coast  
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Table 3.4: Vibrio vulnificus translucent (Vvt) phages stored in different salt 
concentrationsa for 52 days at 4oC 
 
Days 
Sodium b 
Chloride 
(NaCl) % 0 1 4 7 14 19 25 28 36 52 
0 ++ + + +++ + + + + + + 
2 ++ + + +++ +++ +++ +++ +++ +++ ++ 
6 ++ + + +++ ++ +++ +++ ++ ++ ++ 
10 ++ + + +++ ++ +++ +++ ++ ++ ++ 
14 ++ + + +++ +++ +++ ++ ++ ++ ++ 
18 ++ + + +++ ++ ++ ++ ++ ++ ++ 
22 ++ + + +++ ++ ++ ++ ++ ++ ++ 
26 ++ + + +++ ++ + + + + + 
30 ++ + + ++ + + + + + + 
Seawater c ++ ++ +++ +++ +++ +++ +++ ++ +++ +++ 
 
(-) = no clear zone, (+) = cloudy or fuzzy zone, (++) = clear zone, (+++) = transparent 
zone 
a Sterile distilled water 
b Type of salt  
c Seawater collected from Gulf Coast  
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Table 3.5: Vibrio vulnificus translucent (Vvt) phages stored in different salt 
concentrationsa for 52 days at 30oC 
 
Days  
Sodium b 
Chloride 
(NaCl) % 
0 1 4 7 14 19 25 28 36 52 
0 +++ +++ +++ +++ + - - - - - 
2 +++ +++ +++ +++ + + + + + + 
6 +++ +++ +++ +++ ++ ++ +++ +++ ++ ++ 
10 +++ +++ +++ +++ ++ + + + + + 
14 +++ +++ +++ +++ ++ - - - - - 
18 +++ +++ +++ +++ +++ - - - - - 
22 +++ +++ +++ +++ + - - - - - 
26 +++ +++ +++ +++ - - - - - - 
30 +++ +++ +++ +++ - - - - - - 
Seawater c +++ +++ +++ +++ ++ ++ ++ + + + 
 
(-) = no clear zone, (+) = cloudy or fuzzy zone, (++) = clear zone, (+++) = transparent 
zone. 
a Sterile distilled water 
b Type of salt  
c Seawater collected from Gulf Coast  
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Table 3.6: Vibrio vulnificus translucent (Vvt) phages stored in different salt 
concentrationsa for 52 days at 45oC 
 
Days  
Sodium b 
Chloride 
(NaCl) % 
0 1 4 7 14 19 25 28 36 52 
0 +++ + ++ ++ - - - - - - 
2 +++ + ++ ++ - - - - - - 
6 +++ + ++ ++ - - - - - - 
10 +++ + + + - - - - - - 
14 +++ + + + - - - - - - 
18 +++ + - - - - - - - - 
22 +++ + - - - - - - - - 
26 +++ + - - - - - - - - 
30 +++ + - - - - - - - - 
Seawater c +++ + ++ ++ + + + + + + 
 
(-) = no clear zone, (+) = cloudy or fuzzy zone, (++) = clear zone, (+++) = transparent 
zone 
a Sterile distilled water 
b Type of salt  
c Seawater collected from Gulf Coast  
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Table 3.7: Vibrio parahaemolyticus (Vp) phages stored in different salt concentrations a 
for 52 days at 4oC 
 
Days   
Sodium b 
Chloride 
(NaCl) % 
0 1 4 7 14 19 25 28 36 52 
0 + + + + + + - - - - 
2 + + + ++ + + + + + + 
6 + + + ++ + ++ + ++ ++ ++ 
10 + + + ++ ++ +++ ++ +++ ++ ++ 
14 + + + ++ ++ +++ ++ + ++ + 
18 + + + ++ ++ +++ ++ + + + 
22 + + + ++ + ++ + + + + 
26 + + + ++ + + + + + + 
30 + + + ++ + + + + + + 
Seawater c + + + ++ ++ ++ ++ ++ ++ + 
 
(-) = no clear zone, (+) = cloudy or fuzzy zone, (++) = clear zone, (+++) = transparent 
zone 
a Sterile distilled water 
b Type of salt  
c Seawater collected from Gulf Coast  
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Table 3.8: Vibrio parahaemolyticus (Vp) phages stored in different salt concentrations a 
for 52 days at 30oC  
 
Days  
Sodium b 
Chloride 
(NaCl) % 
0 1 4 7 14 19 25 28 36 52 
0 + + + + + + - - - - 
2 + + + + + + + + + + 
6 + +++ +++ +++ ++ + + + + - 
10 + ++ +++ +++ + +++ ++ + + + 
14 + ++ +++ +++ +++ +++ +++ + + + 
18 + ++ ++ ++ ++ +++ ++ + + + 
22 + ++ ++ + ++ ++ + + + + 
26 + + + + + + + + + - 
30 + + + + + + + - - - 
Seawater c + ++ +++ +++ ++ ++ + + + + 
 
(-) = no clear zone, (+) = cloudy or fuzzy zone, (++) = clear zone, (+++) = transparent 
zone 
a Sterile distilled water 
b Type of salt  
c Seawater collected from Gulf Coast  
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Table 3.9: Vibrio parahaemolyticus (Vp) phages stored in different salt concentrations a 
for 52 days at 45oC 
 
Days  
Sodium b 
Chloride 
(NaCl) % 
0 1 4 7 14 19 25 28 36 52 
0 + + + - - - - - - - 
2 + + + - - - - - - - 
6 + ++ ++ + + - - - - - 
10 + ++ ++ + + + - - - - 
14 + + + + + + + - - - 
18 + + + + + + + - - - 
22 + + + + + - - - - - 
26 + + + - - - - - - - 
30 + + + - - - - - - - 
Seawater c + + + + + + + + + - 
 
(-) = no clear zone, (+) = cloudy or fuzzy zone, (++) = clear zone, (+++) = transparent 
zone. 
a Sterile distilled water 
b Type of salt  
c Seawater collected from Gulf Coast  
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3.3.3.2 pH 
 To understand if the pH of the surrounding environment is important in the 
activities of vibrio phages, we tested the activity of vibrio phages isolated from seawater 
and oyster at different pH (3-10) stored at 4, 30 and 45oC.  Vvo phages showed no 
activity at a pH of 3 at 4oC and a cloudy zone was observed at pH 4 on day 0 (Table 
3.10).  Vvo phages activities increased and reach its peak at day 8 at pH of 4 to 10.  At 
4oC, the optimum activity was observed at a neutral pH.  At 30oC Vvo phages also 
showed no activity at pH 3 but, retained their activity at a pH 5 and 6 on the 8th day, and 
at pH 9 on the 4th day.  Vvo phages lost their activities after one day in a pH of 4 and 
after 24 days at a pH of 5 and 6.  These phages were active up to 36 days at a pH of 7 
through 10 at 30oC (Table 3.11).  At 45oC Vvo phages were inactive at pH 3 and quickly 
lost activity after the 1st day at pH 4.  Vvo phages showed no activity on the 24th day in 
the media with pH 5, 6 and 9, and on the 12th day at pH 10 at 45oC (Tables 3.10-3.12).   
 Vvt phages were very active at a pH of 5 to10 at 4, 30 and 45oC (Tables 3.13-
3.15). However, they lost their activity after 24 days at a pH of 10 at 45oC. Vvt phages 
were inactive at a pH of 3 on the day 1 at 45oC and then showed no activity throughout 
the experiment.  In addiction, these phages lost their activity at a pH of 4 after 12 days 
and on day 1 of storage at 30oC and 45oC respectively.   
 Vp phages (Tables 3.16-3.18) were active at a pH 4 to 10 even at day 36 in spite 
of the fact that they lost their activity at pH 3 after one day of storage in the refrigerator.  
At 30oC Vp phages was also inactive at a day 1 of storage at a pH of 3 and after 4 days at 
a pH of 4.  Vp phages were very active at 30oC and the best activity was observed at day 
0 for pH 3 to 0 inclusive.  At 45oC, Vp phages lost their activity on day 1 at pH 3 and 4; 
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after 4 days at pH  5, after 12 days at pH 6, 7 and 8; and finally after 4 days at pH 9 and 
10. 
Table 3.10: Vibrio vulnificus opaque (Vvo) phages stored in tryptone broth adjusted to 
different pHs for 36 days at 4oC 
 
Days  
pH value 0 1 4 8 12 24 36 
3 - - - - - - - 
4 + + ++ +++ + + + 
5 + + ++ +++ + + + 
6 + + +++ +++ + + + 
7 ++ ++ +++ +++ ++ ++ + 
8 + + ++ +++ ++ ++ + 
9 + + ++ +++ + ++ + 
10 + + ++ +++ + + + 
 
(-) = no clear zone, (+) = cloudy or fuzzy zone, (++) = clear zone, (+++) = transparent 
zone 
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Table 3.11: Vibrio vulnificus opaque (Vvo) phages stored in tryptone broth adjusted to 
different pHs for 36 days at 30oC 
 
Days  
pH value 0 1 4 8 12 24 36 
3 - - - - - - - 
4 + + - - - - - 
5 + + ++ +++ + + - 
6 + + ++ +++ + + - 
7 + + ++ ++ ++ ++ ++ 
8 + + + ++ ++ + + 
9 + + +++ + + + + 
10 + + ++ + - - - 
 
(-) = no clear zone, (+) = cloudy or fuzzy zone, (++) = clear zone, (+++) = transparent 
zone 
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Table 3.12: Vibrio vulnificus opaque (Vvo) phages stored in tryptone broth adjusted to 
different pHs for 36 days at 45oC 
 
Days  
pH value 0 1 4 8 12 24 36 
3 - - - - - - - 
4 + - - - - - - 
5 + + ++ ++ + - - 
6 + + ++ +++ + - - 
7 + + ++ +++ + + + 
8 + + ++ +++ + + + 
9 + ++ ++ +++ + - - 
10 + + ++ ++ - - - 
 
(-) = no clear zone, (+) = cloudy or fuzzy zone, (++) = clear zone, (+++) = transparent 
zone 
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Table 3.13: Vibrio vulnificus translucent (Vvt) phages stored in tryptone broth adjusted to 
different pHs for 36 days at 4oC 
 
Days  
pH value 0 1 4 8 12 24 36 
3 +++ + - - - - - 
4 +++ +++ +++ +++ +++ ++ + 
5 +++ +++ +++ +++ +++ ++ ++ 
6 +++ +++ +++ +++ +++ +++ ++ 
7 +++ +++ +++ +++ +++ +++ ++ 
8 +++ +++ +++ +++ +++ +++ ++ 
9 +++ +++ +++ +++ +++ +++ ++ 
10 +++ +++ +++ +++ +++ ++ ++ 
 
(-) = no clear zone, (+) = cloudy or fuzzy zone, (++) = clear zone, (+++) = transparent 
zone 
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Table 3.14: Vibrio vulnificus translucent (Vvt) phages stored in tryptone broth adjusted to 
different pHs for 36 days at 30oC 
 
Days  
pH value 0 1 4 8 12 24 36 
3 + - - - - - - 
4 +++ ++ +++ +++ + - - 
5 +++ ++ +++ +++ +++ ++ - 
6 +++ +++ +++ +++ +++ +++ + 
7 +++ +++ +++ +++ +++ ++ + 
8 +++ +++ +++ +++ +++ ++ + 
9 +++ +++ ++ +++ +++ ++ ++ 
10 +++ +++ ++ +++ ++ + ++ 
 
(-) = no clear zone, (+) = cloudy or fuzzy zone, (++) = clear zone, (+++) = transparent 
zone 
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Table 3.15: Vibrio vulnificus translucent (Vvt) phages stored in tryptone broth adjusted to 
different pHs for 36 days at 45oC 
 
Days  
pH value 0 1 4 8 12 24 36 
3 - - - - - - - 
4 ++ - - - - - - 
5 +++ +++ ++ ++ + + - 
6 +++ +++ +++ +++ +++ +++ + 
7 +++ +++ +++ +++ +++ +++ ++ 
8 +++ +++ +++ +++ +++ +++ ++ 
9 +++ +++ +++ +++ +++ +++ + 
10 +++ +++ +++ +++ ++ + - 
 
(-) = no clear zone, (+) = cloudy or fuzzy zone, (++) = clear zone, (+++) = transparent 
zone 
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Table 3.16: Vibrio parahaemolyticus (Vp) phages stored in tryptone broth adjusted to 
different pHs for 36 days at 4oC 
 
Days  
pH value 0 1 4 8 12 24 36 
3 + - - - - - - 
4 +++ + ++ + + + + 
5 +++ + ++ + + + + 
6 +++ + ++ + + + + 
7 +++ ++ ++ ++ ++ ++ ++ 
8 +++ ++ ++ +++ ++ ++ ++ 
9 +++ ++ ++ ++ + + + 
10 +++ ++ ++ ++ + + + 
 
(-) = no clear zone, (+) = cloudy or fuzzy zone, (++) = clear zone, (+++) = transparent 
zone 
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Table 3.17: Vibrio parahaemolyticus (Vp) phages stored in tryptone broth adjusted to 
different pHs for 36 days at 30oC 
 
Days  
pH value 0 1 4 8 12 24 36 
3 + - - - - - - 
4 ++ + - - - - - 
5 +++ + + + + + + 
6 +++ ++ ++ ++ ++ ++ + 
7 +++ ++ ++ ++ ++ ++ ++ 
8 +++ ++ ++ + + + + 
9 +++ ++ ++ + + + + 
10 +++ + ++ ++ + + - 
 
(-) = no clear zone, (+) = cloudy or fuzzy zone, (++) = clear zone, (+++) = transparent 
zone 
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Table 3.18: Vibrio parahaemolyticus (Vp) phages stored in tryptone broth adjusted to 
different pHs for 36 days at 45oC 
 
Days  
pH value 0 1 4 8 12 24 36 
3 + - - - - - - 
4 +++ - - - - - - 
5 +++ + + - - - - 
6 +++ + + + + - - 
7 +++ ++ ++ + + - - 
8 +++ + + + + - - 
9 +++ + + - - - - 
10 +++ + + - - - - 
 
(-) = no clear zone, (+) = cloudy or fuzzy zone, (++) = clear zone, (+++) = transparent 
zone 
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Salinity, pH and temperature play important role in the inactivation of Vibrio 
vulnificus and Vibrio parahaemolyticus bacteriophages.  The optimum pH for vibrio 
bacteriophages was around a neutral pH of 6 to 8.  Most proteins are stable at around 
neutral pH.  However, at extreme pH values some proteins begin to swell and unfold 
(Fennema, 1996).  All phage isolates (Vvo, Vvt and Vp) lost their activity at an acid pH. 
Leverentz et al. (2001) reported a rapid reduction of Salmonella enteritidis-specific 
phages titer on apple slices. These phages reached nondetectable levels in less than 48h.  
The author concluded that the pH of Red Delicious apples had a detrimental effect on 
bacteriophage.  Bacteriophages are composed of a core of nucleic acid covered by a 
protein coat. A phage capable of infecting a bacterium attaches to a receptor site on the 
cell surface then uses lysozyme that is located in the phage tail to weaken the bacterial 
cell wall. A phage tail fiber injects the DNA through the weakened wall into the bacterial 
cell.  This process is very important for phage reproduction. However, pH can interfere 
with lysozyme enzyme or protein coat thus preventing phage to attach to receptor sites of 
the host cell (Leverentz et al., 2001; Leverentz et al., 2004; Fennema, 1996; Campbell, 
1993; and Creager et al., 1990).   
Besides pH, the vibrio bacteriophage isolates were sensitive to elevated 
temperatures.  Similarly to low pH, high temperature can also interfere with phage 
attachment, thus preventing the phages to infect and lysis the vibrio cells. The stability of 
lysozyme increases with lowering of temperature, whereas mutant phage T4 lysozyme 
shows maximum stability at 12.5oC (Fennema, 1996).  T4 lysozyme is less stable at a 
temperature below or above 12.5oC.  This protein can undergo cold-induced denaturation 
when stored at below 0oC (Fennema, 1996).  Temperature induced denaturation usually 
 60
can occur in range of 40-80oC.  This could explain why isolated bacteriophages rapidly 
lost activity when stored at 45oC. 
Vibrio parahaemolyticus phage was more salt tolerant than Vibrio vulnificus 
opaque and translucent phages. Vibrio vulnificus and Vibrio parahaemolyticus 
bacteriophages are psychrophilic and have a requirement for salts at marine 
concentrations for infection and growth (Baross et al., 1978).  High concentrations of salt 
could adversely affect the protein coat and phage enzyme activity.   Salt affects proteins 
in two different ways.  At low concentrations salt ions interact with proteins and stabilize 
protein structure by neutralizing protein charges.   However, at higher concentrations, 
NaCl increases the thermal denaturation of the proteins.  In addition, high salt 
concentrations can adversely affect the structural stability of the phage nucleic acid 
(Fennema, 1996). 
3.3.4 In-vitro Study of the Effect of Bacteriophages Active Against V. 
vulnificus and V. parahaemolyticus 
 
Figure 3.7 shows the effect of bacteriophages on V. vulnificus opaque (Vvo), V. 
vulnificus translucent (Vvt) and V. parahaemolyticus (Vp) in tryptone broth incubated for 
24 hours at 30oC.  The controls were not significantly different.  After 24 hours of 
incubation the vibrio counts were significantly reduced by 1.95, 2.9 and 1.02 log CFU/g 
with Vvo, Vvt and Vp phages treatments, respectively.  Vvo phages reduced the V. 
vulnificus opaque count from 7.77 (control) to 5.82 log CFU/ml (treatment).  Treatment 
with Vvt phage reduced the V. vulnificus translucent counts from 7.55 to 4.65 log 
CFU/ml in 24h.  This phage was more active compared to Vvo and Vp phage which were 
the least effective. V. parahaemoyticus populations were reduced from 7.78 to 6.76 log 
CFU/ml.  
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Figure 3.7: Effect of bacteriophage treatments on the V. vulnificus virulent (opaque) and 
attenuate (translucent) and V. parahaemolyticus in tryptone broth (TB) incubated 
at 30oC for 24 hours.  Each bar represents the mean of 3 independent experiments 
and duplicate samples.  Error bars denote the standard error of means.   Within 
treatments, population of the same letter are not significantly different at the 0.05 
significance level (p>0.05).  Vvo = V. vulnificus opaque Vvt = V. vulnificus 
translucent Vp = V. parahaemolyticus. 
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3.3.5  Effect of Bacteriophages Active Against V. vulnificus and V. 
parahaemolyticus in Raw Oysters 
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Figure 3.8: Effect of bacteriophage treatments on the V. vulnificus virulent (opaque) in 
non-UV and UV exposed raw oyster for 5, 15 and 30 min. Each bar represents the 
mean of 2 independent trials and duplicate samples.  Error bars denote the 
standard error of means.   Within treatments, population of the same letter are not 
significantly different (P>0.05) according to the least significant difference test. 
CVvoN-UV = Control Vibrio vulnificus opaque Non-UV, CVvo-UV = Control 
Vibrio vulnificus opaque UV, VvoN-UV = Vibrio vulnificus opaque 
bacteriophage Non-UV treatment, and Vvo-UV = Vibrio vulnificus opaque 
bacteriophage UV treatment.   
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Figure 3.9: Effect of bacteriophage treatments on the V. vulnificus attenuate (translucent) 
in non-UV and UV-exposed raw oyster for 5, 15 and 30 min. Each bar represents 
the mean of 2 independent trials and duplicate samples.  Error bars denote the 
standard error of means.   Within treatments, population of the same letter are not 
significantly different (P>0.05) according to the least significant difference test.  
CVvtN-UV = Control Vibrio vulnificus translucent Non-UV, CVvt-UV = Control 
Vibrio vulnificus translucent UV, VvtN-UV = Vibrio vulnificus translucent 
bacteriophage Non-UV treatment, and Vvt-UV = Vibrio vulnificus translucent 
bacteriophage UV treatment.   
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Figure 3.10: Effect of bacteriophage treatments on the V. parahaemolyticus in non-UV 
and UV-exposed raw oyster for 5, 15 and 30 min. Each bar represents the mean of 
2 independent trials and duplicate samples.  Error bars denote the standard error 
of means.   Within treatments, population of the same letter are not significantly 
different (P>0.05) according to the least significant difference test.  CVpN-UV = 
Control Vibrio parahaemolyticus Non-UV, CVp-UV = Control Vibrio 
parahaemolyticus UV, VpN-UV = Vibrio parahaemolyticus bacteriophage Non-
UV treatment, and Vvt-UV = Vibrio parahaemolyticus bacteriophage UV 
treatment.   
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The effect of bacteriophages active against V. vulnificus opaque in raw oysters 
(UV and non-UV treated) is shown in the Figure 3.8.  V. vulnificus opaque counts of the 
controls without UV treatment ranged from 6.9 to 7.21 log CFU/g.  The counts increased 
when the time increased and had reached 7.21 log CFU/g after 30 min.  There were no 
significant differences between V. vulnificus opaque counts of non-UV and UV-exposed 
samples for 5 and 15 min.  But the difference became noticeable for the controls at 30 
min. The V. vulnificus opaque counts of the control samples subjected to UV treatment 
were reduced.  At minute 5, the count was 6.8 log CFU/g and after 30 min had reduced to 
6.52 log CFU/g.   
The phage treatment reduced V. vulnificus opaque counts by 2 log CFU/g for all 
treatment times. However, non-UV treatments were not significantly different from the 
UV treatments.  In addition there were no significant change between samples exposed 
for 5, 15 and 30 min.   
Vvt phage treatments resulted in a greater reduction of V. vulnificus translucent 
population in oysters (Figure 3.9).  Furthermore, the activity of the Vvt phages was 
increased with UV treatment.  When V. vulnificus translucent was exposed to the Vvt 
phage, the bacterial counts were reduction to 3.3 log CFU/g compared to 6.24 log CFU/g 
for the control samples treated with UV light for 30 min.  On the other hand, V. vulnificus 
translucent populations were increased with time on the oysters that were not exposed to 
UV light.  The count for this sample was 6.95 log CFU/g at 5 min and after 30 min the 
counts had increased to 7.34 log CFU/g.  The combination of Vvt phage with UV 
treatment was effective in reducing V. vulnificus translucent population in oysters by 2.94 
log CFU/g by 30 min exposure.  In addition, non virulent strain of V. vulnificus was more 
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sensitive to UV light exposure than virulent V. vulnificus strain since the counts were 
reduced when exposure to UV light.  No significant difference was found between the 
non-UV and UV exposed controls for 15 minutes.  Besides, there were no difference 
between samples treated with phages non-UV exposed and phage treated UV exposed at 
5 min. 
Vibrio parahaemolyticus controls followed the same pattern as V. vulnificus 
opaque controls (Figure 3.10), where the non-UV exposed control count was slightly 
increased while the UV-exposed control count was decreased.  Nonetheless, there was no 
significant difference in counts of these two controls at 5 or 15 min.  Non-UV exposed V. 
parahaemolyticus counts ranged from 7.05 to 7.2 log CFU/g from 5 to 30 min; and UV-
exposed control counts ranged from 6.92 to 6.52 from 5 to 30 min, respectively.  No 
significant changes were observed on V. parahaemolyticus population from 5 to 30 min 
in both controls non-UV and UV-exposed.   
Vp phage treated sample V. parahaemolyticus counts were 4.83, 4.96 and 5.16 log 
CFU/g for non-UV and 4.97, 4.71 and 4.68 log CFU/g for UV-exposed at 5, 15 and 30 
min exposure, respectively.  UV light exposure had no effect on Vp page activity since 
there no significant difference between the UV-exposed and non-exposed samples.  
Similar results with bacteriophages treatments were obtained by Pelon et al., 
2005. They conducted an in-vitro study of Vibrio vulnificus reduction in oysters after 
combined exposure of Vibrio vulnificus-specific bacteriophage and to an oyster extract 
component.  They obtained an optimum inactivation of V. vulnificus with a 1% oyster 
extract in the presence of phage, the V. vulnificus counts were reduced to 0.2 x 
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101CFU/ml.  V. vulnificus bacteriophage alone reduced the V. vulnificus count to 0.3 x 
101 CFU/ml compared to >106 CFU/ml of the control. 
 Bacteriophages specific to Vibrio vulnificus and Vibrio parahaemolyticus are very 
effective in reducing the viable vibrio counts ether alone or in combination with other 
agents such as UV-exposure. 
3.4 Summary and Conclusion 
Transmission electron microscope observations showed that the predominant 
morphology of bacteriophages active against V. vulnificus and V. parahaemolyticus were 
icosahedra with thin flexible tails.  The bacteriophages Vvo, Vvt and Vp retained their 
activity at a pH of 7 and 8 after 36 days at all temperatures tested.  All of the 
bacteriophages immediately lost activity at an acidic pH of 3 and 4 for all temperatures 
tested.   Furthermore, the bacteriophages lost activity by day 28 when stored at 45°C in 
all salt concentrations tested.  However, when the bacteriophages Vvo and Vvt were 
stored at 4°C in salt concentrations of 6 to 22% and at 30°C in salt concentrations of 6 to 
10% they had retained activity by day 52.  Bacteriophage Vp remained active in salt 
concentrations of 6 to 30% at 4°C and in salt concentrations of 6 to 22% at 30°C by day 
52.      
Our results showed that bacteriophages Vvo, Vvt, and Vp lost activity at an acidic 
pH.  Also, these bacteriophages were sensitive to elevated temperatures.  Finally, the 
bacteriophage Vp was more salt tolerant than the phages Vvo and Vvt.  Bacteriophage 
treatments alone or in combination with UV exposure were very effective in reducing V. 
vulnificus and V. parahaemolyticus population in raw oysters. 
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CHAPTER 4 
 
 ANTIMICROBIAL PROPERTIES OF COMMERCIAL LIQUID SMOKE 
AGAINST VIBRIO VULNIFICUS AND VIBRIO PARAHAEMOLYTICUS  
     IN OYSTERS 
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4.1 Introduction 
Smoking of food has been used as a preservation and flavoring agent for many 
centuries.  Many processors have switched from natural smoking of foods to addition of 
liquid smoke. This trend can be attributed to minimize pollution problems and preventing 
formation of polycyclic aromatic hydrocarbons which are potentially carcinogens (Boyle 
et al., 1998).  Liquid smoke contains antimicrobial compounds such as phenols, carbonyls 
and organic acids.  Liquid smoke is formulated from the condensate of wood smoke and 
water, then filtered to remove material that contain polyaromatic hydrocarbons  which  
are known to be carcinogenic.  Liquid smoke or smoke components have been tested in 
smoked salmon, beef franks and laboratory media (Vittet et al. 2001, Sunen, 1998, and 
Boyle et al. 1998).   
The potential antimicrobial properties of liquid smoke flavorings are variable, 
since some studies have indicated antimicrobial activity, while others have found no 
inhibition of microbial growth (Boyle et al., 1998).  Liquid smoke preparations derived 
from spices have been shown to have antimicrobial activity against Staphylococcus 
aureus and Aeromonas hydrophila (Sofos et al., 1987). At various liquid smoke 
concentrations and with pH values above 7.0, inhibition of A. hydrophila was greater than 
that of S. aureus.  Oregano liquid spice smoke may be bactericidal at higher 
concentrations against A. hydrophila.   Sofos et al. (1987) reported that liquid smoke 
(2000 ppm) derived from birch, hickory, southern yellow pine, aspen, douglas fir 
heartwood, and douglas fir sapwood inhibited S. aureus strain LP and ATCC 12600.  
Boyle et al., 1998, screened smoke condensates from various wood sources for growth 
inhibition of A. hydrophila strains B2 and F6, S. aureus A100 and Pseudomonas fragi 
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ATCC 4973 in cultural media.  They found inhibition of both strains of A. hydrophyla by 
liquid smoke derived from birch, hickory, southern yellow pine, aspen, douglas fir 
heartwood, and douglas fir sapwood.  In addition, white oak, chestnut, cherry, red alder, 
and apple inhibited A. hydrophila B2 and all liquid smokes tested, except mesquite and 
lodge pole pine, inhibited A. hydrophila F6. These liquid smokes resulted in delayed 
initiation and rate of growth (Boyle et al., 1998).   
Smoking of foods not only imparts a desirable flavor but also has antioxidant and 
antimicrobial effects (Sunen, 1998).  Traditional smoking methods have been shown to 
inhibit the growth of many bacteria and fungi.  However, the modern smoking process is 
used for flavoring rather than as a method of preservation.  The most common method of 
smoking is a cold smoking process using smoke condensates.  The smoke condensates 
can be easily applied and their concentration can be controlled in food products.  
Furthermore, liquid smoke can be purified if necessary, and the antimicrobial activity can 
be better evaluated (Sunen, 1998). 
Sunen (1998) determine the minimum inhibitory concentration of smoke wood 
extracts against several spoilage bacteria and pathogenic microorganisms associated with 
foods.  They found that V. vulnificus was the most susceptible microorganism to the 
smoke wood extracts.  However, spoilage organisms showed strong resistance to smoke 
extracts tested (tree solids: S1, S2 and S3 and four liquid: L1, L2, L3, and L4).  There 
was no difference in the inhibition of the smoke wood extract between Gram-negative 
and Gram-positive bacteria.  However, some studies have indicated that the smoke 
extracts have more antimicrobial effect against Gram-positive than Gram-negative 
(Sunen, 1998). 
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The antimicrobial activity and flavor of liquid smokes is mainly due to the 
phenolic fractions (Sofos et all, 1988; Fait et al. 1992; Wondorff et al. 1993; Sunen 
1998).   The more active smoke, liquid 2 (L2) and liquid 3 (L3), showed the highest 
phenol concentration.  High concentrations of the smoke preparation can be most 
effective in inhibiting growth of microorganism; but, high concentrations would 
significantly ruin the flavor of the foods and limiting their commercial application 
(Sunen, 1998).   
The objective of this study is to determine the inhibitory effect of commercial 
liquid smoke against Vibrio vulnificus, both opaque and translucent, and Vibrio 
parahaemolyticus in laboratory media and non-vacuum and vacuum packed oysters.  
4.2 Material and Methods 
4.2.1 Bacterial Growth Conditions 
Microbial species and strains included Vibrio vulnificus 1003, both opaque and 
translucent, and Vibrio parahaemolyticus were provided by Dr. Jerome La Peyer of 
Veterinary Science at Louisiana State University.  The vibrio strains were originally 
isolated from patients with septicemia.  V. vulnificus and V. parahaemolyticus pure 
cultures were stored at –80oC. The cultures were transferred to vibrio maintenance 
medium (VMM) slants.  The working cultures were again transferred from VMM slants 
by inoculating 10 ml 3% NaCl tryptone broth (TB) (Troy Biologicals Inc., Troy, MI) and 
incubated at 30oC for 24h. 
4.2.2 In-vitro Testing of the Antimicrobial Activity of Liquid Smoke Against 
Vibrio Species 
 
The antimicrobial activity of liquid smoke against V. vulnificus opaque, V. 
vulnificus translucent and V. parahaemolyticus was tested in Triptone Broth (TB) with 
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3% Sodium Chloride (NaCl).  The liquid smoke was added aseptically at concentrations 
of 0, 3, 6, 9 and 12% then the pH was adjusted to 7. One ml of overnight cultures of 
Vibrio vulnificus opaque and translucent and Vibrio parahaemolyticus were added to 
micro-centrifuge (eppendorf) tubes and centrifuged for 3 min at 14,000 X g.  Supernatant 
was removed and replaced with one ml of 0, 3, 6, 9, and 12 % of hickory liquid smoke 
diluted in the TB.  The samples were thoroughly vortex and then placed at 4oC for 0, 1, 3, 
and 5h.  Serial dilutions in sterile PBS were made then spread-plated on TCBS agar.  
Plates were incubated at 35oC for 18 to 24h.  Yellow (V. vulnificus) and green (V. 
parahaemolyticus) colonies were counted, CFU/g were calculated and converted to log 
CFU/g. 
4.2.3 Antimicrobial Activity of Liquid Smoke  Against Vibrio Species in Raw 
Oysters 
 
Oysters, obtained from Motivatit Seafood Inc., were washed, sprayed with 70% 
ethanol on the surface, dried and then shucked. Fifteen oysters (3 per treatment) were 
dipped for 5 min in 15 ml of 0.1 dilutions of Vibrio Species grown over night.  The 
excess liquid was removed and the oysters were marinated with 3, 6, 9, and 12% hickory 
seasoning liquid smoke at a pH of 7. The oysters were packed or vacuum packed (Food 
Safer 7, Tilia International Inc., San Francisco, CA) then stored in the refrigerator (4oC) 
for 24 and 48h. Non-marinated oysters were used as control.    
After storage at 4oC for 1, 2 and 3 days, one oyster per treatment was randomly 
selected and aseptically transferred into a stomacher bag.  The oysters were weighted and 
then equivalent amount (ml) of PBS (1:1 dilution) was added to each bag.  The samples 
were stomached for 2 min; serial dilutions in sterile PBS were made, then spread-plated 
in duplicate on TCBS agar (Troy Biologicals Inc., Troy, MI).  All plates were incubated 
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at 35oC for 18 to 24h.  Yellow (V. vulnificus) and green (V. parahaemolyticus) colonies 
were counted; colony-forming units per gram (CFU/g) were calculated and converted to 
log CFU/g. 
4.2.4 Statistical Analysis 
  The experiment was repeated 3 times and each sample was plated induplicate.  
One-way Analysis of variance (ANOVA) (JMP IN version 4.0.3, SAS Institute Inc., 
Cary, NC., USA) was performed to determine the effect of different concentrations of 
liquid smoke in reducing Vibrio spp. in laboratory media and in non-vacuum and vacuum 
packed oysters stored at 4oC.  Statistical significance occur at P<0.05.  The results 
presented in Tables are means and standard deviation of 3 replicas. 
4.3 Results and Discussion  
4.3.1 In-Vitro Testing of the Antimicrobial Activity of Liquid Smoke Against 
Vibrio Species. 
 
The control non-treated V. vulnificus opaque counts remained at about 8.7 log 
CFU/g in TB at 4oC for 5 hours (Table 4.1).  Conversely, as the concentration of liquid 
smoke increased so did the reduction of V. vulnificus opaque counts.  Initially, the 3 and 
6% hickory liquid smoke reduced the counts of Vvo from 8.7 log CFU/g to 4.5 and 2.9 
log CFU/g, respectively.  After one hour with 3% liquid smoke, V. vulnificus opaque 
counts were reduced to 1.3 log CFU/g and after 3 hours the bacterial counts reached non-
detectable levels.  After 1h the treatment with 6% hickory liquid smoke reduced the V. 
vulnificus opaque count to non-detectable levels.  Both 9 and 12% liquid smoke are very 
effective and immediately reduced the V. vulnificus opaque counts to non-detectable 
levels (Table 4.1).   
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Similarly to V. vulnificus opaque control, the non-treated V. vulnificus translucent 
counts remained at 8.5 log CFU/g between 0 and 5h.  Both, 3 and 6% liquid smoke 
reduced the V. vulnificus translucent counts from 8.4 log CFU/g to 4.93 and 4.96 log 
CFU/g respectively.   After one hour of storage at 4oC V. vulnificus translucent counts 
had reached non-detectable levels.  Nine and 12% liquid smoke immediately reduced the 
V. vulnificus translucent counts to non-detectable levels (Table 4.2). 
The non-treated V. parahaemolyticus counts remained at about 8.8 log CFU/g at 
4oC from 0 to 5 hours.  Treatment with 3% liquid smoke reduced V. parahaemolyticus 
counts from 8.8 log CFU/g to 5.7 and 3.5 log CFU/g at 0 and 1 hour respectively, then to 
non-detectable levels after 3 hours of storage at 4oC.  The 6% treatment immediately 
reduced the V. parahaemolyticus counts to 4.8 log CFU/g, then to non-detectable level 
after 1 hour of storage at 4oC. Immediately after treatment with 9 and 12% liquid smoke 
V. parahaemolyticus counts were reduced to non-detectable levels (Table 4.3). 
 These results are similar to that found by Sunen (1998) who reported the 
inhibition of V. vulnificus by 0.4% of liquid smoke on Tryptic Soy Agar (TSA).  In the 
present study, the high concentrations (9 and 12%) of liquid smoke thus containing high 
phenol concentrations showed the higher inhibitory effect against both strain of V. 
vulnificus (opaque and translucent) and V. parahaemolyticus.  Olsen (1976) reported 
delayed lag phase and lower overall growth rates of Staphylococcus aureus by various 
concentrations of liquid smokes.  Boyle et al, 1988 tested the antimicrobial activity of 
smoke condensates from 20 different woods in trypcase soy broth (adjusted pH to 6.0) 
against Pseudomonas fragi ATCC 4972, S. aureus A100, and Aeromonas hydrophila B2 
and A. hydrophila F6.  They reported variation in inhibition among types of liquid 
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smokes within a given microbial strains. Sapwood of douglas fir was reported to be the 
most inhibitory liquid smoke examined.  Liquid smoke derived from birch, hickory, 
southern yellow pine, aspen, and douglas fir sapwood inhibited the growth of both strains 
of A. hydrophila tested.    
Table 4.1: Effect of commercial liquid smoke on Vibrio vulnificus opaque in 3% NaCl 
tryptone broth (pH 7), stored at 4oC for 0, 1, 3, and 5h  
 
log CFU/g  
Treatments 0 hour 1 hour 3 hour 5 hour 
Control 8.7 ± 0.1a 8.7 ± 0.1 a 8.8 ± 0.26 a 8.7 ± 0.15 a
3% Hickory liquid smoke 4.5 ± 0.17b 1.3 ± 0.0b 0 ± 0.0 b 0 ± 0.0b
6% Hickory liquid smoke 2.9 ± 0.15c 0 ± 0.0c 0 ± 0.0 b 0 ± 0.0 b
9% Hickory liquid smoke 0 ± 0.0 d 0 ± 0.0 c 0 ± 0.0 b 0 ± 0.0 b
12% Hickory liquid smoke 0 ± 0.0 d 0 ± 0.0 c 0 ± 0.0 b 0 ± 0.0 b
 
Mean ± standard deviation of triplicate experiments and duplicates of each sample.  
Treatment means within time (columns) with different superscripts are significantly 
different (p<0.05).  Statistical comparisons of all pairs were analyzed using Student’s test 
following one-way analysis of variance (ANOVA) (SAS Institute Inc., Cary, NC). 
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Table 4.2: Effect of commercial liquid smoke on Vibrio vulnificus translucent in 3% 
NaCl tryptone broth (pH 7), stored at 4oC for 0, 1, 3, and 5h 
 
log CFU/g  
Treatments 0 hour 1 hour 3 hour 5 hour 
Control 8.4 ± 0.0a 8.6 ± 0.17 a 8.5 ± 0.2 a 8.43 ± 0.45 a
3% Hickory liquid smoke 4.93 ± 0.0b  0 ± 0.0 b 0 ± 0.0 b 0 ± 0.0 b
6% Hickory liquid smoke 4.96 ± 0.0 b 0 ± 0.0 b 0 ± 0.0 b 0 ± 0.0 b
9% Hickory liquid smoke 0 ± 0.0 c 0 ± 0.0 b 0 ± 0.0 b 0 ± 0.0 b
12% Hickory liquid smoke 0 ± 0.0 c 0 ± 0.0 b 0 ± 0.0 b 0 ± 0.0 b
 
Mean ± standard deviation of triplicate experiment and duplicates of each sample.  
Treatment means within time (columns) with different superscripts are significantly 
different (p<0.05). Statistical comparisons of all pairs were analyzed using Student’s test 
following one-way analysis of variance (ANOVA) (SAS Institute Inc., Cary, NC). 
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Table 4.3: Effect of commercial liquid smoke on Vibrio parahaemolyticus in 3% NaCl 
tryptone broth (pH 7), stored at 4oC for 0, 1, 3, and 5h 
  
log CFU/g  
Treatment 0 hour 1 hour 3 hour 5 hour 
Control 8.8 ± 0.3a 8.87 ± 0.2 a 8.9 ± 0.15 a 8.9 ± 0.15 a
3% Hickory liquid smoke 5.7 ± 0.1b 3.5 ± 0.25b 0 ± 0.0 b 0 ± 0.0 b
6% Hickory liquid smoke 4.8 ± 0.76c 0 ± 0.0c 0 ± 0.0 b 0 ± 0.0 b
9% Hickory liquid smoke 0 ± 0.0 d 0 ± 0.0 c 0 ± 0.0 b 0 ± 0.0 b
12% Hickory liquid smoke 0 ± 0.0 d 0 ± 0.0 c 0 ± 0.0 b 0 ± 0.0 b
 
Mean ± standard deviation of triplicate experiment and duplicates of each sample.  
Treatment mean within time (columns) with different superscripts are significantly 
different (p<0.05). Statistical comparisons of all pairs were analyzed using Student’s test 
following one-way analysis of variance (ANOVA) (SAS Institute Inc., Cary, NC). 
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4.3.2 Antimicrobial Activity of Liquid Smoke Against Vibrio Species in Raw Oysters 
 
Table 4.4: Effect of commercial liquid smoke on Vibrio vulnificus opaque in non-vacuum 
and vacuum packed oysters stored at 4oC for 1, 2 and 3 days.  
 
log CFU/g  
Treatments Day 1 Day 2 Day 3 
Control 6.8 ± 0.07 a 5.30 ± 0.01 b 4.67 ± 0.35 bc
3% 4.84 ± 0.14 b 4.01 ± 0.08 c 3.21 ± 0.22 d
6% 4.22 ± 0.19 c 3.07 ± 0.11 d 2.32 ± 0.01 e
9% 3.88 ± 0.18 cd 3.55 ± 0.64 d 2.80 ± 0.02 e
Non 
Vacuum 
Packed 
12% 3.20 ± 0.09 d 2.86 ± 0.03 e 1.40 ± 0.17 f
Control 7.47 ± 0.15 a 6.25 ± 0.08 a 5.25 ± 0.50 a
3% 5.42 ± 0.12 bc 4.50 ± 0.17 c 4.02 ± 0.29 cd
6% 5.75 ± 0.14 bc 4.41 ± 0.39 c 3.90 ± 0.26 c
9% 4.50 ± 0.21 c 3.84 ± 0.21 def 3.42 ± 0.29 d
Vacuum 
Packed 
 
 
 
12% 3.63 ± 0.32 d 3.09 ± 0.03 de 2.86 ± 0.31 e
 
Mean ± standard deviation of triplicate experiment and duplicates of each sample.  
Treatment mean within time (columns) with different superscripts are significantly 
different (p<0.05). Treatments: control (0% liquid smoke), 3, 6, 9, and 12% Hickory 
liquid smoke. Statistical comparisons of all pairs were analyzed using Student’s test 
following one-way analysis of variance (ANOVA) (SAS Institute Inc., Cary, NC). 
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Table 4.5: Effect of commercial liquid smoke on Vibrio vulnificus translucent in non-
vacuum and vacuum packed oysters stored at 4oC for 1, 2 and 3 days.  
 
log CFU/g  
Treatments Day 1 Day 2 Day 3 
Control 6.5 ± 0.18 ab 5.24 ± 0.03 b 5.09 ± 0.15 a
3% 5.31 ± 0.06 bc 3.69 ± 0.10 cde 3.85 ± 0.12 c
6% 4.67 ± 0.25 d 3.09 ± 0.20 f 2.40 ± 0.17 e
9% 3.35 ± 0.22 e 2.99 ± 0.14 fg 1.40 ± 0.17 f
Non 
Vacuum 
packed 
12% 3.61 ± 0.28 e 2.12 ± 0.02 g 0.00 ± 0.00 g
Control 7.4 ± 0.09 ab 5.64 ± 0.22 a 5.37 ± 0.22 a
3% 5.80 ± 0.30 abc 3.90 ± 0.30 cd 4.45 ± 0.40 b
6% 5.22 ± 0.20 bc 3.89 ± 0.01 cd 2.80 ± 0.43 de
9% 4.52 ± 0.25 d 3.23 ± 0.20 ef 3.02 ± 0.02 d
Vacuum 
Packed 
 
12% 4.80 ± 0.16 d 3.50 ± 0.14 def 3.19 ± 0.36 d
 
Mean ± standard deviation of triplicate experiment and duplicates of each sample.  
Treatment mean within time (columns) with different superscripts are significantly 
different (p<0.05). Treatments: control (0% liquid smoke), 3, 6, 9, and 12% Hickory 
liquid smoke. Statistical comparisons of all pairs were analyzed using Student’s test 
following one-way analysis of variance (ANOVA) (SAS Institute Inc., Cary, NC). 
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Table 4.6: Effect of commercial liquid smoke on Vibrio parahaemolyticus (Vp) in non-
vacuum and vacuum packed oysters stored at 4oC for 1, 2 and 3 days.   
 
log CFU/g 
Treatments 
Day 1 Day 2 Day 3 
Control 6.94 ± 0.46 a 6.11 ± 0.13 b 5.60 ± 0.06 a
3% 5.74 ± 0.27 c 4.20 ± 0.006 d 3.38 ± 0.10 d
6% 4.50 ± 0.12 d 3.73 ± 0.21 e 3.06 ± 0.15 e
9% 4.69 ± 0.18 d 3.44 ± 0.22 fg 2.48 ± 0.18 f
Non 
Vacuum 
packed 
12% 3.27 ± 0.03 e 3.19 ± 0.10 g 2.60 ± 0.19 f
Control 7.04 ± 0.12 ab 6.58 ± 0.03 a 6.67 ± 0.06 a
3% 6.29 ± 0.25 b 4.48 ± 0.17 c 4.63 ± 0.14 b
6% 5.53 ± 0.14 d 4.62 ± 0.20 c 4.02 ± 0.15 c
9% 4.63 ± 0.17 d 4.60 ± 0.13 c 3.90 ± 0.21 c
Vacuum 
Packed 
 
12% 3.56 ± 0.02 e 3.64 ± 0.17 ef 3.39 ± 0.11 d
 
Mean ± standard deviation of triplicate experiment and duplicates of each sample.  
Treatment mean within time (columns) with different superscripts are significantly 
different (p<0.05). Treatments: control (0% liquid smoke), 3, 6, 9, and 12% Hickory 
liquid smoke. Statistical comparisons of all pairs were analyzed using Student’s test 
following one-way analysis of variance (ANOVA) (SAS Institute Inc., Cary, NC). 
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In general, there were significant differences in Vibrio sp. counts between non-
vacuum and vacuum packed oysters.   Our results indicated that non-vacuum packed 
oysters had lower counts compared to the vacuum packed oysters; for example non-
vacuum packed V. vulnificus control count was 6.8 log CFU/g and vacuum packed 
control count was 7.47 log CFU/g at day 1.  Vacuum packed control had around 0.4 to 1 
log CFU/g higher than non-vacuum packed control. This trend was observed in all 
samples throughout the experiment.  There was a slight reduction of Vibrio sp counts 
around 1.5 log CFU/g between day 1 and 2 and 2.1 log CFU/g between day 1 and day 3 
for all controls and all treatments (Tables 4.4, Table 4.5 and Table 4.6).  This reduction 
can be attributed to cold temperature storage (Muntada-Garriga et al, 1995, Oliver, 1981; 
Hood et al., 1983, Dombroski et al., 1999).  
 On day one of the storage, non-vacuum packed control V. vulnificus opaque 
count was 6.8 log CFU/g.  However, the V. vulnificus opaque counts of non-vacuum 
packed oysters treated with 3 and 6% liquid smoke were reduced to 4.84 and 4.22 log 
CFU/g, respectively.  The 9 and 12% liquid smoke treatment further reduced the Vvo 
counts of non-vacuum packed samples to 3.88 and 3.20 log CFU/g by 1 day of storage at 
4oC (Table 4.4). 
 By day one, vacuum packed control had 7.47 log CFU/g of V. vulnificus opaque 
count, and treating oysters with 3 and 6% liquid smoke reduced the V. vulnificus opaque 
counts to 5.42 and 5.75 log CFU/g, respectively.  But, there were no significant 
difference between 3 and 6% liquid smoke treatments.  Similarly to non-vacuum, vacuum 
packed samples treated with 9 and 12% liquid smoke had a significant V. vulnificus 
opaque count reduction of 4.50 and 3.63 log CFU/g respectively (Table 4.4).  By day 2 of 
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the storage was observed about 1 log reduction of V. vulnificus opaque counts for all 
controls and liquid smoke treatments.  After 3 days of storage the V. vulnificus opaque 
counts were considerable reduced mainly for non-vacuum packed samples.  The non 
vacuum packaged control V. vulnificus opaque counts were 3.21 log CFU/g compared to 
3.21, 2.32, 2.80 and 1.40 log CFU/g for 3, 6, 9 and 12% liquid smoke treatments, 
respectively.  There was no a significant difference of V. vulnificus opaque count between 
6 and 9% liquid treatments at day 3.  It was remarkable the V. vulnificus opaque count 
(1.40 log CFU/g) reduction on the non-vacuum packed oysters treated with 12 % liquid 
smoke and stored for 3 days at 4oC.  Equally to non-vacuum packed, vacuum packed 
oysters treated with 3 and 6% liquid smoke show no significant difference in counts (3.90 
and 3.42 log CFU/g), and the 12% treatment  had lower count (2.86 log CFU/g) 
compared to the others treatments (Table 4.4).      
 Compared to V. vulnificus opaque, V. vulnificus translucent was more sensitive to 
liquid smoke treatment.  Both controls, non-vacuum and vacuum packed, had V. 
vulnificus translucent counts of 6.5 and 7.5 log CFU/g, respectively.   In addition there 
was no significant difference for the non-vacuum and vacuum packed controls V. 
vulnificus translucent on days 2 and 3.   V. vulnificus translucent control counts for non-
vacuum packed control samples were 5.24 and 5.09 log CFU/g and for vacuum packed 
samples 5.64 and 5.37 log CFU/g for day 2 and 3, respectively.   
The V. vulnificus translucent counts decreased with an increased in the 
concentration of liquid smoke used.  Therefore, 9 and 12% liquid smoke treatments 
reduced the V. vulnificus translucent counts of non-vacuum packed oysters to 1.4 log 
CFU/g and non-detectable level after 3 days of storage at 4oC, respectfully.  There was no 
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significant difference in V. vulnificus translucent counts of vacuum packed oysters treated 
with 6, 9 and 12% liquid smoke.  These samples had about a 3 log CFU/g reduction in V. 
vulnificus translucent count compared to the control counts that were 5.37 log CFU/g on 
day 3 (Table 4.5).   
 V. parahaemolyticus counts were reduced with the increase of the storage time.  
After 3 days of storage, all the samples treated with liquid smoke (3, 6, 9, and 12%) 
showed a great reduction. By day 3, V. parahaemolyticus counts of non-vacuum packed 
samples treated with 9 and 12% liquid smoke were sharply reduced to 2.48 and 2.6 log 
CFU/g respectively.  In addition, the V. parahaemolyticus counts of these sample were 
not significantly different.    
 Many researchers have reported similar findings related to using liquid smoke for 
controlling pathogenic bacteria.  However, the authors did not specify the strain (opaque 
versus translucent) of V. vulnificus used and the experiment was conducted in laboratory 
media (TSA) not in oysters. Sunen, 1998 reported the inhibitory effect of smoke extracts 
that they had made against V. vulnificus. V. vulnificus was inhibited by 0.04% of the solid 
1 and 3 (S1 and S3) extracts.  Smoke extract liquid 2 (L2) inhibited growth of V. 
vulnificus and Y. entercolitica with minimum inhibitory concentration (MIC) value of 
<0.2% and 0.6%, respectively.  Liquid 3 (L3) smoke extract inhibited V. vulnificus with a 
MIC of 2%.  Starda-Munoz et al., 1998 tested the effect of liquid smoke on E. coli 
O157:H7 in beef products.  They found E. coli O157:H7 growth was inhibited with 
addition of 8% hickory liquid smoke on the surface beef trimmings.  E. coli counts were 
lower (P< 0.05) in liquid smoke treated beef patties from day 1 to day 3, while there were 
no changes (P> 0.05) in E. coli growth in the non-treated samples.  E. coli O157:H7 
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growth were reduced by 0.5, 1.2, 1.6 and 2.3 log CFU/g after trimming were treated with 
8% liquid smoke and in patties at day 0, 1, 2, and 3 of refrigerated storage, respectively 
(Starda-Munoz et al., 1998). 
 Liquid smoke has phenolic compounds such as 2,6-dimethoxyphenol, 2,6-
dimethoxy-4-mathylp-henol and 2,6-dimethoxy-4-ethyl-phenol and organic acids such as 
formic, acetic, propionic, butyric, and isobutyric acids that can inhibit growth of spoilage 
bacteria.  Phenols can inhibit the growth of bacteria by prolonging the lag phase 
proportionally to their concentration in the body or in the products (Olsen, 1976, Pearson 
and Guillet, 1996, and Estrada-Munoz et al., 1998).   
4.4 Summary and Conclusion 
The results of this study demonstrated that V. vulnificus both opaque and 
translucent and V. parahaemolyticus were effectively inhibited by hickory seasoning 
liquid smoke in tryptone broth and in raw oysters. In vitro study results showed that the 
samples treated with hickory liquid smoke had sharp reductions in Vibrio counts over 
time, while controls (non-treated) samples showed a slight increase in growth (Tables 4.4 
to 4.6). 
 The combination of liquid smoke treatment and cold temperature (4oC) can be an 
effective way to control V. vulnificus and V. parahaemolyticus in raw oysters.  Higher 
concentrations of the smoke preparations would be more effective in inhibiting the 
growth of V. vulnificus and V. parahaemolyticus in raw oysters.  Twelve percent 
treatment was very effective in reducing Vibrio sp. in laboratory media and in raw non-
vacuum or vacuum packed oysters.  The concentrations used (3, 6, 9 and 12%) were 
significantly less than recommended (one part liquid smoke to two parts water) by the 
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manufacturer which is therefore organoleptically acceptable to consumers.  Six percent 
liquid smoke reduced vibrio counts in laboratory media (TB) to non-detectable levels 
after 1h of storage at 4oC.  However, in non-vacuum packaged oysters, 12% liquid smoke 
was needed to reduce V. vulnificus translucent counts to non-detectable levels after 3 days 
of storage at the same temperature.  After 3 days of storage, 12% liquid smoke treatment 
reduced V. vulnificus opaque and V. parahaemolyticus counts of non-vacuum packed 
oysters to 1.4 and 2.6 log CFU/g, respectively.  Non-vacuum packed oysters had lower V. 
vulnificus and V. parahaemolyticus counts for all treatments and controls.    
Commercial liquid smoke was very effective in reducing V. vulnificus and V. 
parahaemolyticus population in oysters. 
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Every summer, the oyster industry is threatened by recall of oysters due to Vibrio 
vulnificus and Vibrio parahaemolyticus contamination. Vibrio vulnificus and Vibrio 
parahaemolyticus are found in the warm waters of Gulf Coast and in oysters harvested 
from these waters.  These bacteria can cause infections that can be fatal to people with 
suppressed immune system, liver disease, gastric and blood disorders. 
 Elimination or controlling these pathogens could greatly outweigh the economic 
impact on the oyster industry as well protect the consumer health and welfare.  This 
research has given processors additional information and alternative methods to control 
Vibrio vulnificus and Vibrio parahaemolyticus in raw shell-stocked oysters and shucked 
oysters.   
 Bacteriophages active against Vibrio vulnificus and Vibrio parahaemolyticus 
effectively reduced the Vibrio vulnificus and Vibrio parahaemolyticus population in 
oysters.  The morphology of bacteriophages Vvo, Vvt and Vp isolated from oysters and 
seawater around the Gulf Coast was predominantly icosahedral head with flexible tail.  
These bacteriophages lost their activity at an acid pH and they were sensitive to elevated 
temperature.   Bacteriophage Vp was more salt tolerant than the phages Vvo and Vvt.  
 Vibrio vulnificus and Vibrio parahaemolyticus growth were inhibited by liquid 
smoke treatments.  Hickory liquid smoke reduced Vibrio vulnificus and Vibrio 
parahaemolyticus counts to non-detectable levels in less than 5 hours in laboratory 
media.  In addition, liquid smoke treatments significantly reduced Vibrio vulnificus and 
Vibrio parahaemolyticus counts in non-vacuum and vacuum packaged oysters stored at 
4oC for 3 days.  
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 These findings will help processors to control or reduce Vibrio vulnificus and 
Vibrio parahaemolyticus to non-detectable levels in raw oysters. 
 Further studies should be directed on the optimization of the phage treatments and 
the application of the Vvo, Vvt, and Vp phages in live oysters 
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